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FOREWORD

This report has been prepared in conformance with Article
IV, of NASA Contract No. NASW-2866, "A Study to Recommend NASA
High Power Laser Technology and Research Programs". The Pro-

gram objectives were:

- Review and analyze NASA HPL programs underway or
proposed
Rank programs in order of importance
Recommend which programs should be:
- Increased in size r
- Remain at same level
- DisFontinued
1dent1fy~techno1ogy areas in which advances in the HPL
state-of-the-art are required to satisfy mission require-
ments
Compare test requirements for NASA missions with those

of other missions to identify possible combined tests

An additional task was added in May 1976 Lo provide support for
the NASA/OAST "Multi-purpose Space Power Platform (Theme 07)

Study" in the following areas:

Derive estimates of the requirements for laser-powered
provpulsion for orbit-raising

« Derive estimates of the requirements for laser-power
transmission

« Derive rough cost estimates

-ii-



Y e e

FOREWORD (Cont'd)

The results of these efforts are contained within this report.
e wish to acknowledge the many useful discussions with

both the NASA/OAST Program Manager, Joe Lundholm and the

Director of the Research Division, F. Carl Schwenk. In particular,

we have heeded their advice to be forthright and frank in our
assessments at this risk of stirring up controversy. (We have
tried to be very critical, but not caustic). We further wish
to acknowledge the cooperation we received from the personnel
at the various facilities:

Lewis Research Center - Don Connollcy, Jack Slaby and

their co-workers
Ames Research Center - Ken Billman and co-workers
Langley Research Center - Bob Hess and co-workers

Jet Propulsion Laboratory —'Gary Russell and co-workers

Key contributors within W. J. Schafer Associates, Inc., were as

follows:

John Rather - Principal Investigator
Ed Locke

Glenn Zeiders

Frank French
“Ed Gerry

Theme Team 07 Effort:

John Rather

Derek Teare

Herb Williams

Robert‘E. Ricles

Program Manager
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CHAPTER I. MOTIVATIONS AND METHODS

A.  INTRODUCTION

Late in 1975, W. J. Schafer Associates, Inc., (WJSA) was
awarded a contract by the National Aeronautics and Space

Administration to review and evaluate NASA's current explora-

‘tory efforts directed toward utilization of High Power Lasers

(HPLs) and related technologies. The related technologies
include such topics as laser energy conversion and laser
photochemistry, all of which have been consolidated by NASA
under the title, "Photonics". WJSA examined experimental and
theoretical programs being supported by the NASA Office of
peronautics and Space Technology (OAST) at the Lewis, Langley
and Ames Research Centers, and af Jet Propulsion Laboratory.
Particular attention was focussed upon the relationship between
the work in progress at these laboratories and the long range
applications which might benefit from continuance of that work.
Several different motives inspired NASA to undertake the
study effort to be described in this document. In the first
place, it was evident that a dispassionate overview of laser-
re]atéd research within NASA could best be obtained from outside
the space agency, simply because parochial views always develop
within a bounded society. Additionally, it was clear that the
overview should extend beyond NASA research to investigate

possjb]e connections with, or duplications of, work being
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pursued by other agencies of the government and by private
industry. Thus, the su&cess of the study depended upon broad
knowledge on the part of the investigators of the entire gamut
of laser research being pursued both in this country and else-
where. It was necessary in addition, ‘for the investigators

to have full access to classified information and the ability
to provide "sanitized" assessments of mutual relationships
between NASA's laser programs'and certain classified laser pro-
grams. Finally, NASA desired that the results of the study

be disclosed in a frank and forthright manner so that dialogues
and cross-fertilization of ideas could be inspired among the
various NASA researchers and administrators. Consistant with
the level of the study effort, the authors believe that all of

these objectives have been addressed and satisfied.

B. EVALUATION CRITERIA

Five principle criteria have been employed in the evaluation
process to be reported here. Of particular importance is the

criterion of application identification: There are innumerable

possibilities for interesting pure rescarch in the rapidly

growing science of laser physics; but, since NASA must operate
with ]ihited financial and personnel resources for laser research,
it is necessary to inquire how these resources can be used most
wisely to fulfill specific NASA needs for the future. The
present level of laser-related NASA funding stands at approx-
imately $6 million per annum, compared with DoD high power

laser funding almost two orders larger. (The distribution of

-
v

r— =
Ed 3 g R

!
3

I
P

b ]
aeg 3 EI"" P

3

3
F3

sl

R R B R



funding and personnel among the various NASA facilities is shown
in Table I-1). Since many details of the DoD efforts are ob-
fuscated by classification, it is quite important for NASA to
obtain sufficient information to permit concentration upon
applications which will not involve éup]ications of research
being pursued for similar DoD applications. In short, it is
essential to identify direct.potential benefits to specific

NASA objectives that might accrue from ongoing NASA research
efforts, while maintaining an awareness of related DoD research
and development programs that wﬁ]] eventually become useful

to the civilian space program. For examp]e,'fér the Laser
Propulsion application it is conceivable that much of the
primary development program to produce the laser and the
necessary adaptive optical system for projecting the beam,
might best reside in DoD, while NASA might provide uniquely
important contributions in the area of converting laser radia-
tion to rockef thrust. Hence, the true NASA application would
be Lase’r—induced Thrust Generation rather than the whole problem
embraced by the Laser Propulsion concept.

A second evaluation criterion is uniqueness. Clearly, it

is unlikely that a low budget research effort within NASA will
produce significant advancement of laser science if it is competing
directly with a very high budget effort within DoD. It is
possible, however, that there exists a subset of the effort which
is unique to NASA's needs and, therefore, is justifiable. Ffor
example, it does not make sense for NASA to attack the entire

problem of the development of closed-cycle high power electric
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discharge lasers; but it can be shown that it is reasonable
for NASA to investigate aspects of closed cycle EDL develop-
ment which might lead to sustained operation at high power
levels for long periods of time as required by both the laser

propulsion and the power transmission concepts.

A third evaluation criterion is relevance to other programs,

both within NASA and in the world at large. This is the inverse
of the uniqueness criterion. Thus, for example, if NASA identi-
fies some promising new concepts which might lead to high average
power lasers for visible wavelengths, the work is probably

justifyable because of its importance for many applications,

“including applications which may be equally as significant for

other agencies such as DoD or ERDA as for NASA itself.

Physical and technological feasibility defines the fourth

evaluation criterion. This may seem to be such an obvious
measure of worth that one might ask whether the research would
be proceeding'at all if it did not seem feasible. The fact is,
however; that, in ahy avant garde field of science, fatal flaws
may remain concealed for an extended period of time. Costly
errors can be avoided only by continuous peer review of both the
basic physics and the experimental approach underlying each
project. Careful scrutiny such as this has permitted us to
recognize in the present study certain unrewarding efforts
where, for example, an interesting concept‘and a good experiment
could only lead to a very inefficient laser.

"The fifth and final evaluation criterion qdestioned the

overall significance of cach research effort. Again,- this type

of inquiry may smack of the jejune--like questioning the value
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of motherhood! The authors of this study feel, on the contrary,
that one of the most important questions that can be asked about
any program involving considerable dedication of time and

money is, "Why are you doing this?" Indeed, such questioning
has led us to conclude that some of the larger éfforts are

of dubious value, while some of the.smaller "sleepers" may

have considerable significance in the long run.
C. PROCEDURE

Before the above evaluation criteria could be applied,
it was necessary to organize a comprehensive but succinct out-
line of all of the work being performed at thé NASA centers.
For this purpose much data was supplied by NASA, including written
program descriptions prepared under the supervision of the

group leaders at each fenter. Further details of the work

were obtained through personal visits by WJISA staff members
to each of the laboratories. Where necessary, certain
annotations were added to the outline, in some cases to call
attention to debatable scientific issues, and in other cases
to quote opinions from the NASA program descriptions which
might be either debatable or simply informational. Examples

of the resulting worksheets are shown in Appendix A.

To pfoceed with the evaluations, copies of the outlines
were supplied to four laser and technology planning experts at
WISA, together with a letter explaining the evaluation

criteria. It was requested that each of these experts (who
Jointly possess over fifty man-years of experience with lasers

and other closely related technology) should review every item
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in every outline and'referee it for both its intrinsic value

and its scientific and technological promise. These evaluations
were then merged together to form a coherent criticism of

the entire NASA program.

An interesting aspect of the réfereeing process was the
strong agreement of the evaluations, which were generated by
each person in complete independence. This greatly simplified
the merger of the results. It also made it possible to easily
identify points of disagreement, which were then resolved by
negotiation among the referees to obtain a common opinion.

The- results of the preliminary evaluation were assembled
into a detailed briefing which was presented to representatives
of NASA headqparters and each of the four NASA research labora-
tories at a Program ﬁeview meeting held at Lewis Research
Center in April, 1976. This provided an open forum for criticisms
of the work and feedback concerning the conclusions. The
fesu]ts were quite gratifying: Although some NASA efforts
were heavily criticized by WJSA and some of these criticisms
were strongly defended by NASA, there was near unanimity on
the point that the study had provoked a healthy reassessment
of the NASA programs and a new degree of cross-fertilization
of ideas and opinions among the participants.

After the April meeting, written critiques of our
evaluations were obtained from several NASA sources, and Lewis,
Ames and JPL were re-visited to insure that all viewpoints
were- adequately understood before the writing of this final report

of the study was undertaken. Several program changes, had already



been implemented at some of the centers, and these are noted

as appropriate in the material which follows.

D. DOCUMENTATION

Most of the remainder of this report constitutes a compact
review of our evaluation of each NASA program. Chapters 11,
111, 1v, and V respectively discuss the work at Ames, Langley,
Lewis, and JPL. Chapter VI gives a brief description of
certain ongoing projects in other agencies which have particu]ar
relevance to NASA interests. Chapter VI also discusses some
new concepté now being considered by other agenc%es which could
be of great significance to NASA. Chapter VII concludes the
report with some observations and conclusions reflecting our
views concerning the past and future of NASA's High Power Laser
and Photonics programs. Throughout the report, suggestions
will be made concerning continuance OY discontinuance of

certain programs, with an eye toward new applications.
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CHAPTER II. RESEARCH AT AMES RESEARCH CENTER

A. INTRODUCTION

Laser related research at the Ames Research Center is
carried out by two groups administered under the Physical Gas
Dynamics and Lasers Branch. The groups and their Research and
Technology Operating Plan numbers are, respectively, High
Power Lasers, RTOP 506-25-41, and Quantum Electronics, RTOP
506-25-32. The former is oriented more toward experimental
hardware and developmental programs while the latter addresses
fundamental research questions which, although "high risk",
may have large long-term payoffs. We shall divide our commen-
tary a]éng lines naturally resulting from this division of work.

At the outset we take note of the fact that Ames is perhaps
the most academically oriented of the four NASA Institutions
being discussed in this report; An unusually large number of
technical papers originate at Ames. Indeed, this is a very
creative laboratory and some of the work is quite quvant garde.
The authors of the present study feel, however, that there has
been some tendency toward myopia within the Ames programs.

This has led to the growth of certain experimental and theore-
tical research efforts, which, while always being intrinsically
interesting, reflect inattention to important work which has
been done at other laboratories and also insufficient considera-
tion of the ultimate usefulness of tﬁe endeavors. A stated
primary goal at Ames is new ideas, but as we will show later,

some of the work is not really new. Moreover, lack of focus

- L
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upon applications had led to continuation of certain efforts
which could only lead to inefficient end-products that would
be of little uitimate use to NASA. These will be frankly
discussed in the following pages.

The authors hasten to add that most of the criticisms
made by WJSA have already been acted'upon by the Ames program
managers during the course of the study. Thus, most of the
discussion which follows can now be regarded as hindsight.

The prognosis for ongoing programs is very favorable.

B. HIGH POWER LASER GROQUP

Work within the High Power Laser Group is divided among
four principal areas of concentration, namely, gas dynamic lasers,
carbon monoxide electric discharge supersonic lasers (COEDS),
laser energy conversion'(LEC), and related theory. These will

now be discussed in turn.

1. Gas Dynamic Lasers

| At the time that we began our study, the gas dynamic laser
program included both an arc-heated €0, gas dynamic laser
experiment and supporting computer modé1s. These activities are
now being phased out, both in response to findings of the experi-
mental program itself and to conclusions resulting from our
studies. The primary contribution of WJSA consisted of an
analytical demonstration of the fact that the mass flow effi-
ciency of the laser was intrinsically too low for it to be

competitive with other available options. This work* is included

. J. Schafer Associates Technical Memo 76-01, "A Review of the
NASA/Ames Arc-Heated Gas Dynamic Laser Performance", G. W. Zeiders,
January 14, 1976.

M — — -

{

1

JLENR RS T e B s



tw

-k

-11-

in this report as Appendix B. In princip]e,'this conclusion
could have been reached much earlier, thus saving a large
amount of dedicated effort. This fact is illustrative of the
utility of a line of inquiry which we feel should be app]iea
early in any new program. It will be.reviewed here és a

"post-mortem" for the Arc-Heated CO, GDL.

One can begin by simply asking the question, "What are NASA's
intended applications for Higﬁ Powered Lasers"? At the present
time the only clearly identified applications are Energy Transmission
and Propulsion. Whether or not these HPL applications are viable
depends upon several key issues. Of primary importance is the

question of ultimate efficiency of the entire postulated system.

Since the laser itself and its associated optics would represent
a major fraction of the needed system, their efficiency must be
a central concern, regardless of Qhether the application requires
the laser to be in space or on the Earth's surface.

Efficiency is an issue which encompasses both economics and
physical practicality. Since the Ames Arc-Heated GDL device
used CO2 as a 1asiﬁg medium, it was tied inextricably to several
fundamental sources of inefficiency. First, the laser and pointer-
trécker would require larger optics than a shorter wavelength
laser. This, of course implies more weight, either in orbit
or on the ground (or both) and, therefore, more expense and
more deployment complexity. Additionally, the physics of the
CO, laser limits the ultimate quantum efficiency to 41%. In

fact, typical input-to-output power efficiencies for CO, lasers

are far less than 10%, and the fuel mass-flow efficiencies vary
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greatly with operating conditions.

Still another source of inefficiency is encountered if a

CO, laser beam must propagate through the atmosphere. Both aerosol

scattering from vapors and particlies, and absorption by atmos-
pheric C0, pose serious loss problems Which can only be
partially overcome in the best circumstances by using a variety
of methods such as short pulses, isotopic detuning, etc.

Taken together, all of thése difficulties militate strongly
against the likelihood that the CO, Arc-Heated Taser could survive
a careful, application-oriented system optimization competition.
This program had little focus on applications, and, although the
computer predictions and verifications of experimental results
were well donc, there was little real justificatioﬁ for the entire
effort. DoD and'private'industry's past experience with GDLs
indicated these results nearly a decade ago, and NASA could have
avoided relearning the same lessons if better rapport had been
esfab]ished with existing experience elsewhere. We shall return

to this point later when we recommend an expanded budget for

interlaboratory travel and better coordination with other agencies.

We conclude this section with two final caveats. First,
there remains always the possibility that laser efficiency is not
the key boint. For example, cost per installed kilowatt may be
a more important criterion in a 2ower Transmission application
scenario; and, for Propulsion, Billman at Ames has pointed out
that the beam may communicate energy to the propellant gas by
inverse bremsstrahlung more readily at even longer wavelengths

than 10.6 microns. Secondly, CO, may have some advantages

=
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for space-only ¢1osed-]oop applications because of its relatively
benign operating characteristics and lack of a requirement for
auxiliary systems such as power supplies. The only way suech
possibilities can be justified or laid to rest, however, is to
first define the application and theﬁ to apply systems analysis
to evaluate the options. Only after this has been done should
research and development programs be initiated, provided, of
course, that sufficiently promising technological concepts are
identified.

2. Carbon Monoxide Electric Discharge Supersonic Laser (COEDS)

With regard to the CO Supersonic EDL program at Ames, there
is some "good news" and some "bad news". The bad news is that,
with DoD funding, Northrop and Boeing have done many things at
a level with which NASA can't compete. For example, Northrop
has constructed one of the most powerful lasers in "Christendom", a
supersonic blowdown CO EDL. Moreover, Northrop has done much
of:the programming necessary to characterize multi-line CO laser
propagafion in the atmosphere.

It is interesting to note that some of the most graphic
data illustrating the superiority of CO over CO, originated at
NASA Langley Research Center several years ago. These data, which
need to bé updated to incorporate recent more precise AFCRL data,
are shown in Figures I1I-1 & 2. The atmospheric propagation
advantages of CO over CO, are evident, especially when the laser
is located at suitable mountain-top locations having low aerosol
content. The CO line chosen does not even represent the propa-
gation of the better €O lines! Even so, the CO, is at a

considerable disadvantage because it continues to be absorbed
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by atmospheric CO, mixed to high altitudes.’

In the "good news" category, the Ames program to investigate
alternate ionization schemes has singular signifacance. To our
knowledge DoD is not investicating such techniques, although the
Air Force YWeapons Laboratory and other agencies afe extremely
interested in the concept. If a scafab]e, efficient CO laser
using no electron beam can be developed, all users will benefit
greatly because of the elimination of the weight and complexity
associated with the beam source and its power supply. Scala-
bility of the non-E-beam laser is the key issue which must be
resolved, however. At present new E-beam CO lasers seem to be
only about half as efficient (20% overall) as ﬁredicted (40%).*
There is a clear need for more work on kinetics to establish
the reason for this discrepancy. |

Other aspects of-the‘COEDS project are very appealing,
such as its potential for high efficiency, closed cycle, non-
cryogenic operation at high power levels. In short, this is a
project that mﬁst proceed in good coordination with other labora-
tories. 'The concept is clearly useful for applications both
within NASA and in other agencies such as DoD. The desirability
of shorter wavelengths and high efficiency are readily apparent.

In the wake of the present study, Ames has initiated several
activities to keep abreast (or anticipate) CO developments in
the DoD and ERDA sectors. Arrangements have been made for Ames

to receive all AFWL CO report distributions, in addition to the

*Potential CO efficiencies as high as 70-90% have been predicted
by D. J. Monson in NASA Technical Memorandum # TM x-62, 438.
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material routinely received from ARPA. A]sb, Ames personnel
have recently visited or plan to visit Northrop, Aerospace,
Hughes, Stanford Research Institute, and Boeing to discuss short
wavelength laser research and to view existing programs.

3. Laser Energy Conversion

In this section the discussion shifts to methods of utilizing
high power laser radiation rather than dwelling upon the ubiqui-
tous problem of how best to generate it. In addition to Ames,
Lewis, Langley and JPL have programs related to this problem.

A11 of the Ames efforts are directed toward direct conversion of
laser energy into electricity, shaft horsepower, or storable
chemical energy without the necessity for an inefficient conversion
step such as heating water to make steam.

Ames laboratory is a distinct leader in this important
research, not just within NASA, but nationally. Neither ERDA
nor DoD has similar large programs, although M.I.T. has several
studies underway. The potential payoffs for all energy users
are so ;onsequentia] if success is achieved in any of the areas of
interest that this must be regarded as a program of major signi-
ficance for future applications. In fact, the authors feel that
NASA might do well to concentrate more talent and effort into
this area. As implied in Chapter I, here is an example of a
"sleeper"--a program which is modestly funded and not widely
recognized, but is nevertheless filled with promise. It rates
near the top when tested against the five evaluation criteria.

Particulars of the laser energy conversion work are available

in the proceedings of two conferences organized and reported on

Saus
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by Ames*. Much of the detailed research work is contracted out

by Ames, as shown in Table II-1. The current status is given

in Table I1-2. Additional relevant work is being performed in

the Quantum Electronics group. This will be discussed below under

the headings of Harmonic Conversion {(to shorter wavelengths)

and Laser Isotope Separation.

As to criticisms and caveats, one of our most important
concerns is that the definition of conversion efficiency cannot
be restricted to the receiving devfce alone. For example, the
possible use of laser photocatalysis to separate water into storable
hydrogen and oxygen could be of very great imporfance. But one
must also know the energy input to the laser itself in order to
determine whether the total separation efficienéy is greater than
direct.e]ectro1ysis. Oﬂvious]y, the most efficient energy con-
verters should be matched Qith the most efficient lasers. Also,
higden bonuses might be available. For instance, photocatalytic
hydfogen separafion from water might conceivably be better
accomp]ished in a hybrid system using focussed solar energy aug-
menfed by laser radiation. The overall efficiency might be much
higher than in the direct laser separation case.

Another concern is that, while there are doubtless many
applications for laser energy converters, many applications remain
unidentified. This could lead to situations where the research
and development work carries on to the point of success and is

then “"put on the shelf" to wait for a mission. Because of such

*Proceedings of the First and Second NASA Conference on Laser
Energy Conversion held at the NASA Ames Research Center, Moffett

Field, California. (See NASA SP-395)
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possibilities, it is particularly essential that the cross-
fertilization process between agencies, centers, and industry
be enhanced. A1l too often, people at the same laboratory remain
jignorant of each other's results and needs! It is incumbent
upon project leaders to keep abreast éf interdisciplinary tie
points.--Joseph Lundholm of NASA headquarters has pointed out
that JPL and Goddard Spaceflight Center have most of the missions.
Hence, the future of energy conversion work at other centers
may depend upon getting their attention.

The two technological issues touched upon in this work which
we believe to be of widest significance are the'practicality
of laser dissociation of water and the efficiency questions
associated with possible laser up-conversion from IR to visible
wavelengths. NASA is ;1ready moving to institute new RTOPS in

these areas. One, dealing with Photo Enhanced Chemistry will

inF]ude solar pumping. A modification of the Quantum Electronics
RTOP will spurvfurther development of short waQe]ength lasers
and IR ub—conversion.

Since other NASA centers are now expressing interest in
carrying Ames device concepts into the experimental stage, it is
important that the work progress in a well coordinated and fully
justified fashion.

4. Theory of Vibrational Energy Transfer from Diatomic Molecules

Much new information on energy transfer is still needed by
all laser researchers. It is very likely that the Ames theore-

tical.group could work together with other agenc%es such as DoD



in numerous areas. We recommend that immediate attempts be

made to coordinate with AFWL and AFCRL, for example. An on-
going, in-depth check is needed to avoid duplications of effort.
Since ERDA's interest in lasers is now growing, overtures should
be made there also.

Good general physics programs such as this one are almost
always worthwhile. Kinetics and energy exchange studies are the
things which lead to new and more efficient lasers. For example,
the original GDL evolved from air properties studies for the re-

entry physics program. HF and DF chemical lasers evolved from

the HF rocket program.

C. QUANTUM ELECTRONICS GROUP

We turn now to Consideration.of programs of the Ames Quantum
Electronics group. Only brief comments will be given concerning
the smaller or less promising efforts.

1. Electronic Recombination Laser

The Electronic Recombination Laser represents an attempt
to make a gas dynamic laser for wavelengths shorter than 2.5 .
The idea is to produce a population inversion in lower electronic
states of an ionically recombining atomic vapor by collisional
quenching with admixed molecules. This is surely an interesting
physical concept; and any new process which ho]ds.promise for
producing a high power, short wavelength laser is definitely worth
investigating. Nevertheless, a laser must be both efficiént and
scalable to be justifiable. We are of the opinion that this

concept will probably produce a working laser, but that. the
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efficiency will be low. The key uncertainty, as the researchers

at Ames know, is the magnitude of the quenching cross-sections.

It seems reasonable to complete the theoretical modelling and
efficiency estimates now in progress. 'The work should be terminated,
however, if the results point to a low-payoff end-product which

will not contribute to NASA's applications needs. (We understand

that Ames now plans to curtail- this effort within the next few months).

2. High Brightness Laser Facility

This program consists of a pure research exercise directed

toward the achievement of laser action in the soft x-ray region.

The idea is interesting, but does not seem to be relevant to
any NASA application within the foreseeable future. Moreover,
the terrawatt laser required would probably consume much effort
and méney with little probably return for NASA. Thus, there is
1ittle justification for continuing the program. Accordingly,

Ames has decided to terminate the work.

3. Laser lsotope Separation and Photochemistry

In addition to the work previously discussed under the heading
of Laser Energy Conversion, Ames 1is working on more esoteric
aspects of photochemistry. (Indeed, selective excitation of iso-
topic species in mo1ecu]és still qualifies as photochemistry!)
The trouble is that there seems to be no NASA mission requiring
isotope separation per se. Pérhaps in the far future there might
be applications such as scavengingbtritium from a nuclear fusion
power plant or rocket engine, but this doesn't seem to be a viable
concefn for the present. In any event, this topic seems to fall

clearly within the province of ERDA and not NASA.--This in no way
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reflects any disfavor upon the part of the work at Ames which

is concerned with laser induced chemistry, e.g., for the efficient
dissociation of water into hydrogen and oxygen. That work should
certainly be expanded. Ames is now attempting to improve its
communication with ERDA. It is very iﬁportant to identify more
applications for laser enhanced chemistry in the near term.

4. Harmonic Conversion

The concept of up-converting a high power infrared laser so
that the second or third harmonic falls in the visible or near-
visible regime is potentially very interesting. The big question
is whether it can be proven efficient. Both Roékwe11 and United
Technology Corporation have observed that third harmonic radiation
occurs naturally in HF/DF chemical lasers, but'the conversion
effic{ency is quite small. This may have nothing to do with
the conversion method under study at Ames, however. Ames 1is

attempting to use vibrational-electronic transitions having large

matrix elements to achieve high efficiency. Theoretical calculations

have thugfar been very encouraging.

For spaceborne lasers, another element enters the efficiency
discussion, namely the weight savings associated with smaller
optics. One can assume a scaling law with

Weight « D2,
where D is the diameter of the primary transmitter aperture. Of

course, D =« A, so the savings'should be considerable at short

wavelengths., Hence, it is possible that only ~ 10% conversion
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efficiency might still lead to an advantageous system. Such
systems analysis should be done before this project proceeds very
far. .

It is interesting to recall that.the developmenf of harmonic
up-conversion played a central role in the development of radio
technology. Perhaps history will repeat. In any event, this
ijs an exciting concept that should be vigorously supported at
the present time.

5. Theoretical Studies in the Quantum Electronics Group

As in the case of the High Power Laser theoretical support,
there is much good and justifyable work being done here. The
work supports various aspects of the projects discussed in
sections I11-C.1 through 11-C.4 above. It is clearly relevant to the
search for new lasers and to guidfng the development of existing
Jasers. As always, it should be borne in mind that the main
thrust should be directed by the applications. These are, at present,
" Laser Propulsion, Power Tyransmission, and Laser-Induced Photo-
chemistry. The appurtenant key issues are Scalability to very
High Power Levels, and Wavelength Sensitive considerations {(such
as Size and Weight of Optics and Opacity of Gases and Plasmas).
Again,'we'note the “"systems flavor" of some of these issues.
Often theoretical research groups are not systems oriented; and,
therefore, they should be alerted to the fact that systems support
may be needed to augment and justify their efforts.

Caution is also advised regarding other "bear traps" which

are more technological than physical. For example, in photo-



Chemistry (and isotope separation), Peak Intensity may be a
more important issue than Scalability.

6. Tunable Laser Labdratory

The final division of work in the Quantum Electronics aroup
encompasses a versatile laboratory effort which is dedicated to
accurate experimental determination o6f cross sections, rate con-
stants, oscillator strehgths, etc., which are of interest for
the various types of lasers being studied by Ames. The program
seems to cover the needs of éhe other Ames research efforts
comprehensively. It is, for the most part, application oriented.
Hence, the work seems eminently justifiable. The program appears
to be so well motivated that we have recommended its expansion,

which, we understand, has already been initiated.

D. SUMMARY OF AMES FINDINGS

Our findings and recommendations reflecting the foregoing
discussions are summarized in Table II1-3. As previously indicated,
most of the suggested changes have already been implemented by
Ames. Our overall impression of the Ames laser program is quite
favorable. The Physical Gas Dynamics and Laser Branch possesses
an energetic and creative staff, and the prognosis for future

results is excellent. .
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CHAPTER III. RESEARCH AT LANGLEY RESEARCH CENTER

A. INTRODUCTION

The Langley Laser and Molecular Physics Branch has been
involved in research on high power laser concepts, propagation
studies, and fundamental "photonics". ‘(Refer to Table 1-1.)
During the course of the present study the work has been re-
directed to phase out the tlaser and propagation efforts and
focus on photonics. The emphasis now resides in areas related
to (1) photoconversion of energy from broadband sources to
laser radiation, (2) exploratory studies of solar and nuclear
energy sources to drive lasers directly, and (3).photochemistry,
including hydrogen production from water and photochemical
cells for the production of electricity. For the purposes of
the present report, howéver, we shall adopt a historical posture and
shall discuss our findingé concerning the program as originally
s;ructured. As in the case of our discussion of all of the
otﬁer 1aborator1es, we shall endeavor to ref]ect not only our
own crit{cisms, but also the rebuttals and clarifications
provided by Langley since our midterm progress report.

By way of general criticism, we observe that Langley has
some very_ta]ented people with very creative ideas; but there
is also a lack of coherence in the overall set of activities
which gives an impression of "shotgunning around". In several
instances, it was difficult for us to distinguish the level
of effort and state of progress of the work. In other words,

when we examined a particular line of investigation, there was
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a problem in making distinctions among questions such as:

(a) Is this concept simply an interesting idea or
has it been physically justified and substan-
tiated by analysis?
(b) Has a significant e*perimenta] effort or computer
simulation been mounted to test the concept?
What is being done?
(c) Has the experiment (or model) progressed to the
point of producing useful data, or is it still
. being formed and adjusted?
(d) What is the actual level of effort and time scale?
(e) How do the creative inputs and work efforts divide
between the'resident staff at Langley and outside
contractors such as Javan at M.I.T. and Cool at
Cornell?
éome of these difficulties are reflected in our Langley working
outline contained in Appendix A. It is our opinion that most,
if not all of these uncertainties could be resolved by better
attention to communication and documentation at Langley. It is
not sufficient only to point to publications ultimately re-
sulting from the work, because this short—circgits the processes
of routine progress assessment and peer review during the
critical early stages of the work. The data supplied to us
by Langley (position papers, etc.) differed from that of the other

NASA labs in that there was a noticeable lack of conciseness.
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Brief, objective Quarterly Progress Reports do have value
if thoughtfully written and adequately circulated*

As to the researcn programs themselves, Lang]ey's efforts
were apportioned in three areas, namely (1) High Preséure co,
Tunable Lasers, (2) Atmospheric Transmission Studies, and (3)

High Energy Molecular Lasers. These will now be discussed.

B. RESEARCH PROGRAMS

1. High Pressure CO, Tunable Lasers

The kernel of this idea, which originated at Langley, is
that pressure broadening in a high pressure laser cavity permits
the laser to be tuned over a limited range. In the case of
C0,, the bruadening amounts to m.3 GHz per atmosphere of pressure,
allowing the laser to be tuned far'enough off atmospheric ab-
sorption lines to considerably improve the propagation. In
particular, at altitudes above 2.5 Km, Langley finds that the
transmission will be improved from 50% to 90%. Langley also
suggests tnat the same principle can be applied to other types
of lasers at other wavelengths. Of course, the quesiion remains
as to whether improved propagation is needed at other wavelengths

(refer again to Figures 1I1-1 & 2), and whether the tuning range

provided by high pressure would permit an improvement, if desirable.

It is difficult to dissect this concept because it simul -

taneously embraces a large subset of other concepts and problems.

*The criticisms in this paragraph have been added in the final
report and have not been rebutted by Langley.
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' Taken by itself, the central idea of using pressure broadening
to attain tunability is quite interesting. Among known high
power laser propagation problems, the idea clearly has most
’ significance for C0,, because CO, laser lines are directly
matched with absorption by €0, itself in the atmosphere. But
in Chapter I1-B.1 we have already discussed the several strong
objections to an app]ication:oriented system built around a
C0, laser. Indeed thfs is why DoD is rapidly shifting to short
- wavelengths for all applications being seriously contemplated.
So the qugstion again arises: If there is no proven application
for the laser or the concept, why pursue the project? Prove
- ‘the need first!
Langley maintains- that the main purpose of the effort was
to establish proof of a new concépt in atmospheric laser trans-
- mission. This appears to have been accomplished by computer
mdde]]ing. But, then, Langley sought to substantiate the con-
cept experimentally. A CO, laser (built by dJavan under contract)
T was chosen for thé proof test, "because it was further developed”.
Still, at the time the effort was terminated, the data in hand
were very crude. Better wavelength resolution and line identifi-
- catioh was needed to accurately quantify the pressure broadening
and tuning. Even if this had been accomplished, however, it is
clear that there were several other pfob1ems waiting in the wings
) which would have required major research efforts before the high
pressure laser concept could have been proven viable:
Two of the key issues in this remaining subset are the needs

for frequency stabilization and better beam quality. "For new
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missions proposed by Langley, such as "chirped radar" (for

"photon missions" to b]anets and satellites), frequency stability
on the order of + 1 MHz is needed, but only + 100 MHz had .been
attained by Javan in the high pressure device (by the Ring Method
of stabjlization). Meanwhile, M.1.T. has achieved stabilities

to better than + 1 Hertz in other types of lasers.

Beam quality is traditionally poor in high pressure laser
cavities. DoD is attempting'to improve beam quality and propa-
gation with advanced adaptive optics schemes. Langley proposed
another new idea for improving beam quality in the high pressure
laser which may, in fact, point to the most valuable subset of
the entire concept. The idea is to make a highly uniform, large
volume lasing region by resorting to new methods of volume pre-
ionization. Ih particular, Langley proposed the admixture into
the lasing medium of an organic "seed" gas, having very low
ionization potential. This is a very interesting proposal,
because it is even possible that the laser itself might sustain the
discharge in such a mixture; and it is also possible that this
approach might be useful in many other types of lasers such as
excimers, for example. Other volume preionization schemes men-
tioned by Langley, such as UV flashlamps and nuclear particles,
are muéh']ess exciting to contemplate because they would require
large amounts of external paraphernalia, while organic gases
conceivably might be self-sufficient. Nevertheless, volume pre-
ionization is very important, and promising ideas are worth

pursuing. This is especially true for visible lasers which,

thus far, depend almost entirely upon electric discharge stimulation.

—— e

-

— | auma] | e | ammian]

F o I Anite B sty

7M™

rm | rm™m ™

1

1



T I T O R R et

-33-

It is our belief that this research should be sustained alone,
decoupled from the higﬁ—pressure CO, laser concept, which seens

L4

to have little in-depth justification.

Finally, a few remarks should beqmade Eoncern1ng Lang]ey S
support of Javan's research. Javan has’made «3n3 maJQr contr1bu—
tions in the laser field and should def1n|Le1y b‘ sup Jﬁted
Unfortunately for NASA, however, the list of research 16€1cs
listed by Langley for Javan's contracts is so 1ong that it is
non-specific by fiat. (See our Langley outline in Appendix A.,
I-C.1 & 2). This is a classic example of a situation where
NASA could narrow the scope through a careful assessment of
applications and benefit greatly in the process. The volume
preionization idea would be a likely topic upon which to focus
attention. |

2. Atmospheric Transmission Studies

Langley Research Center has an appreciable history of success-
ful research in areas related to atmospheric spectral properties.
Numerous contr1but1ons to the literature on opacity, transmission,

and molecular compos1t10n as functions of wavelength, altitude

and climatic condition have been made by various groups at this
laboratory. Hence, there is a precedent for this sort of work

at Langléy. The problem which had to be confronted in the present
study was whether adequate justification exists for the atmos-
pheric propagation studies that were being attempted by the Laser
and Molecular Physics Branch. But first it was necessary to try
to distinguish what had actually been accomplished from what

Langley was trying to do or thought it might do.
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The stated intent of the Langley work was to augment data
inputs to existing NASA and DoD propagation computer codes to
improve the accuracy. High resolution spgctrographic studies
were to be conducted in two ﬁodes: (1)’Lbh§?f§fﬁ;libor%}ory

*

measurements using tunable diode 1asers;~an4;(ﬁjQHigh-re§p]ution

PRy . 4 ) ae;b ~

atmospheric line profile scans using a tunabTe Taser-he¥zrodyne
spectrometer to observe the sun- |

0f course, there is always a need for more refined atmospheric
data. Understanding the basic physics of the Earth's atmosjhere
and its interaction with radiation at all wavelengths is an on-
going project that will be with us for many years. At whatever
wavelengths lasers may be required to propagate, it will be very
necessary to understand phe absorption line structure (and its
temporal variations) in great detail. Moreover, since it is
quite likely that different agencies having different requirements
will use lasers at different wavelengths, various parts of the
spectrum will be of interest to numerous different agencies. Ffor
example, there appears to be a strong predjudice in ARPA and the
Navy toward the use of HF/DF lasers because of the short wave-
length and high efficiency. NASA, on the other hand, may discover
that CO lasers are the best expedient for near-term long duration
operation at high power levels. But, then, it would seem that
before any effort or money is exbended by NASA to study the fine
details of propagation the best.candidate spectral regime should
Does it make any sense for NASA, with its very limited

be chosen.

laser reéource dollar, to support a significant]y larger DoD
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program without DoD support, as would be the case if Langley
carried out its proposed program of surveying the 2.7-3.7 micron
regime? .

Now, if we turn to the actual Langley effort, what do we
find? Many possible measurements are mentioned in the position
paper and its addenda, but very few measurements have actually
been completed, and they have little or no relevance to any NASA
laser applications. Perhaps the nearest thing to a useful pro-
posal would be a survey of the 9.2-9.6u region to determine ozone
absorption, because this is potentially significant for the newly
exploited 9.28u CO, transitions being investigated by AFWL. But,
again we think that NASA should seek AFWL support before

“embarking upon this effort.

The only measurements which appear to have been completed
(in the solar hode) were done jointly with Airborne Instrument
Laboratory, using a C!3%01° laser local oscillator for absorption
measurements of NH,. (Ammonia is not a major component of the
Earth's atmosphere). Thé developmental effort to produce a tunable
laser local osci]]ator for a tunable heterodyne receiver never
succeeded, partly because of a need for single-mode diode lasers.

In the balance, we feel that it is a good thing that this
program was curtailed. The return from the effort was low, and
the juétifications seem to be lacking. The hands-on experience

with heterodyne receivers may have some value for future decision

making.
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3. High Energy Molecular Lasers

The third category of laser related research work at Langley
includes several high energy molecular laser efforts. Much of

the work has been done in co]]aboration:with Professor Cool at

-

".,.‘. LS .
Cornell University. . Ve

One effort has been directed towara'uﬁﬁéFEEEnding chemical
laser instabilities. Cool has concentrated on diagnostics of
vibrational-rotational (V-R) Eelaxation and some aspects of
rotational-rotational (R-R) relaxation. (This work differs
slightly from that of J. J. Hinchen at United Technology Corpor-
ation, who has been primarily concerned with R-R transfer.)

This multi-line cascading prevents adequate control of multi-line
or single-line operation; and it needs to be understood if chemical
lasers are to bé properly stabilized. Accordingly, we feel that
this is a good program which should be perpetuated, even though

the role that chemical lasers may play in NASA's future is not
certain.

Another effoft addresses the difficult problem of attaining
visible lasing with purely chemical pumping. NASA and DoD have
jointly supported Cool's shock tube experiment in which metal
compounds are rapidly preheated by a shock, supersonica]]y mixed
with an oxidizer and then stimulated by an E- beam which initiates
chemical reactions. Cool is optimistic about Scandium Fluoride
as a lasant, but thus far no purely chemical pumping in the visible

has succeeded.
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Cool is also experimenting with dissociation of metal compounds
by electric discharges. This work is jointly funded by NASA,

ARPA (ONR) and AFOSR. ARPA, in particular, has sponsored many

such programs. The results are avai1§bTe in phe literature.

A11 DoD efforts thus far have peaked at 15KW power levels because
of the difficulty of producing sufficient metal vapor from the
electric discharge (We will later discuss NASA-supported work

at JPL which relates to this work) .

Finally, some excimer research is being supported by NASA
also at Cool's lab. Studies of Krypton F]uoride are underway,
looking toward the possibility of excitation by high energy photons
or nuclear particles. Another jdea involves interactions of
metastable Argon with OH molecules.

The need for high power vicible lasers is so great that
any promising approaches muét be carefully explored. The High
Energy Molecular Laser programs described in the preceeding
paragraphs are sufficiently interesting that they should be

continued unless proven unfeasible.

C. SUMMARY OF LANGLEY FINDINGS

Our overall impressions of the Langley laser research
program are fraught wjth considerab]e skepticism. The formal
judgements resulting from our evaluations are summarized in
Table 111-1; but the scoring shown in the table is weighted
cons1derab1y by our belief in the value of certain concepts

(such as Large Volume Preionization and Chemically Pumped Visible

Lasers), more than by actual accomplishments to date. He are
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made cautious by the apparent circumstance that the Langley
Laser and Molecular Physics Branch is a seedbed for new ideas,
many of which do not germinate. It is apparent that Langley
supports both Javan and Cool, but it is not clear how the twenty
man years of in-house effort at Langley either contributes to
this work or produces independent results at a very significant
level. The key to a successful program is to first identify
truly useful concepts and then to see them through to reality.
The new focus on photonics programs at Langley should
provide an opportunity for greater identity on the part of

individual researchers. We have included "New Photonics Efforts"

favorably in Table III-1 because of our strong belief in the
importance of this program. New methods of power conversion,
transmission and storage will have large impacts on NASA's
future efforts; and we hope tha£ positive contributions will
emerge directly from NASA's research centers. Since similar
Qork is also underway at Ames and Lewis, it is important that

good cpordination be established and maintained.
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Table I11-1
EVALUATION OF NASA LANGLEY LASER AND MOLECULAR PHYSICS BRANCH

Q o
2 >0 o > Lo e 3 < w
N O 2 RN .0, < < K%
A * CFEN Q,‘, e £ ? o - o \Q'b >
Qv\ ‘b\k & (\OQ N A0 A ~ PR
NS RS ¥ 2 < AN Qe S %€§b
RESEARCH ONOIRN & oY S oS S OS OIS S
PROGRAMS S ¥ N O QAT Nk o 3 &
High Pressure .
CO, Tunable 1 3 1 2 1 1.6 T
Lasers
Large
Volume 3 3 3 37 3 3.0 3
Preionization .
Javan's Support 1 2 3 3 2 2.2 S
Atmospheric
Transmission 0 1 3 3 1 1.6 T
Studies
Chemical
Laser 2 1 2 2 2 1.8 S

Instabilities

Chemically .
Pumped 3 3 3 1? 3 2.6 S
Visible Lasers ’ :

Excimers 3 1 3 2? 3 2.4 ‘S
Cool's Support 2 2 3 3 3 2.6 S
New
Photonics 3 3? 3 2? 3 2.8 E
Efforts
OVERALL
MEAN 2.0 2.1 2.7 2.4 2.3 2.3
SCORE ’
Significance Levels: _ Recommendations:
0 = None ’ T = Terminate the program
1 = Small S = Sustain at present level
2 = Fair E = Expand the program
3 = High

-39.
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CHAPTER IV. RESEARCH AT LEWIS RESEARCH CENTER

A. INTRODUCTION

The laser research cituation at Lewis contrasts sharply

with that at both Langley and Ames. The Lewis program conveys

the impression of a highly organized and integrated effort

having a clear central technological theme and a distinct systems

flavor. Lewis is also very hardware oriented. It is very

evident that the Lewis staff includes some extremely competent

engineers who are capable of delivering excellent results.

Regarding the execution of the various programs, We have no

criticisms concerning the adroitness with which the work has

been accomplished. We can (and do), however, question some. of

the basic motivations and

Before beginning the critique, it is relevant to recall

that Lewis has been given the role of Lead center* for all of

NASA's lasers systems technology and large adaptive optic

systems planning. pirection and coordination of the activities

of the other NASA centers remains a prerogative of NASA Head-

quarters, but Lewis has the responsibility of maintaining and

expanding programatic and technical communication with the

various NASA centers and with other agencies such as ARPA, AFWL,

MICOM, NRL, SAMSO, and ERDA. In addition, Lewis periodically

reviews high power laser programs being pursued by major

DoD contractors such as UTC (Research Labs and P & W), Avco,

TRW, Hughes, Rocketdyne, and Northrop. The central objective

xThere appeared to be some confusio

that accompany
clarify this point.

S S SR P

justifications which underlie the work.

n in defining responsibilities
this title, and we feel that Headquarters should
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as stated by Lewis is, "To define and evaluate, based upon
in-depth research and technology, the potential of high power
lasers, and to recommend their appropriate future applications”.
The program responsibilities include: (1) development of an
understanding of the relationship between the capabilities

of high-powered lasers and NASA's future needs, (2) identifi-
cation and evaluation of critical technology areas, and (3)
realistic definition of potential app]icétions. Lewis also
has stated that it hopes to give unity and direction to the
laser effort, while taking a broad and flexible approach. It
wishes to avoid dupficating the work of other agencies while
pushing laser technology ahead on a broad front.

One funétion of W. J. Schafer Associates in the present
review is to make an appraisal of the success with which Lewis
is accomplishing these goals. 1In the pages which follow,
we shall attempt to comment briéf]y both upon technical aspects
of the work and also upon the relevance of the work to the

perceived goals.

B.. CARBON DIOXIDE CLOSED CYCLE CW LASER PROGRAM

The largest single project in the entire NASA laser
research effort is the CO2 closed cycle CH Electric Discharge
asef at Lewis. This laser, which is currently operating at
a power level of about 6 KW, has been built eﬁtire]y*in—
house. Its purposes as described by'Lewis, are, (1) to evaluate
operational characteristics, bower scaling, beam quality, and
resonator design, (2) to provide a beam for application experi-

ments, (3) to perform feasibility screening of new electrical

* Major components, such as blowers, for example, were purchased.

3
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excitation techniques for CO,, (4) to study the evolution
of contaminants in a completely closed system, and (5) to
evaluate scale-up potential and design features of GDL/EDL
flight-type closed-cycle C¥ systems. Particular features
of the laser which make it unique ;re its ability for completely
closed-cycle operation and for long-duration sustained CW
operation. It also has a very flexible cavity design to
permit further resonator research, a near state-of-the-art
computer control and data acquisition system, and a
limited target-range capability for application experiments.
The heavy commitment to CO, technology ét Lewis requires
us to expand the C0, debate still further. In Sections Il
Bl & 2 and III Bl we have already expressed'our strong
reéervations conceréing the ultimate usefulness of CO, lasers
for NASA applications. In summary, we feel that the intrinsic
_jnefficiencies of CO, coupled with the extrinsic inefficiencies
resulting ffom the need to build large optical systems to
accombdate the longer wavelengths combine to make CO2 un-
acceptable as a candidate for any serious application
considerations. The additional problem of high atmospheric
absorption (Figures IT-1 & 2) further curtails our interest in
€0, for any ground-to-space uses, particularly when we consider
the restricted range of accessible zenith angles. CO always
outperforms CO, from a good location--i.e., a site having a
small amount of total precipitable water vapor. H,0 is the
only significant absorber of CQ, while C0, resonance absorption

extends to very high altitudes.
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The foregoing views were expressed by W. J. Schafer
Associates at the NASA Program Review in Cleveland, Ohio on
- April 21, 1976. Lewis has rebutted with the following

statement:

“It is apparent that NASA high-power laser missions such

- as propulsion or power transmission require long-duration
continuous-wave operation - which implies a closed-
loop system. The decision to work with the CO, laser
- system is based upon sevéral factors. Most important is
the fact that today, tomorrow, and in the immediate future,
CO, is the only high-power laser for extended continuous-
- wave operation. This decision is reinforced by the
recently initiated AFWL Short Range Applied Technology
‘ (SRAT) Program. €O, was chosen as the Lewis high power
- laser because it was less complex than a CO system,

- presented an opportunity for technology advancement,
and offered less of a technology risk than any other
existing system. The hands-on experience from this
device could be achieved in a shorter period of time
and will be helpful in future decisions regarding closed-
cycle systems. The facility was designed as a closed
- high-vacuum system so that the effects of contamination
‘ and laser chemistry could be investigated in a system
- much cleaner than what had been previously available.
- These results should provide guidance for future €O,
systems'. ¥

|

Lo}

? At first glance, there are some very reasonable points in favor

~ of this position,‘pérticu]arly with regard to the value of

| "hands-on" experience. At the risk of seeming obdurate,

however, we feel that several debatable issues must be broached.

- First, let us examine the frequently repeated key premise
that NASA's missions will require closed-loop, CW operation. The
closed-lToop idea is suspect, for example, because it appears quite

- possible to leave the laser on the ground as would be required

*Private communication from Heads of Laser Engineering and
Laser Technology at Lewis.
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by surface—to—sUrface'propu1sion any wav. For space application,
the beam can be bounced off cooperative relay mirrors in orbit. The

prime justification for this concept is provided by the expectation

that it will be relatively easy to develop large-scale adap-
tive optics and, thus, to build very’]arge projection apertures
both on the ground and in space within the not-too-distant
future. This probably will involve a time frame much shorter
than would be required to develop high powered Tasers for space
deployment. It is clearly possible that, given the successful
development of adaptive optics, single-and-multiple bounce
beam transmission can be utilized to deliver a>near1y
diffraction-limited beam to any point in cislunar space. Thus,
it should be apparent that necessity for closed-loop operation
of the laser is no lonéer certain. In fact, some concept for
air-breathing lasers now being investigated might lead to very
substantial open-cycle fuel economies. Since a major NASA
applications area is ground-to-space propulsion, anyway, it is
not at all clear why the inefficiencies associated with closed-
cycle operation should be regarded as a necessity.

As to the stated necessity for "C4d" operation, it is,
of course, possible that NASA's applications might require

long duration power input. But this does not necessarily

equate to continuous wave operation. In fact, there are
possible advantages to be gained by operating continuously in

a multi-pulse mode. These advantages embrace various aspects

r— [ il <«
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of laser physics ranging all the way from increased availability
of lasing transitions, through superior atmospheric propagation,
to improved energy coupling at the receiving end. ‘The tradeoffs
between C¥ and pulsed operation are-the subject of much detailed
scrutiny by DoD, and the decision as to which is best for a
given application is by no means trivial or obvious.

Even if CW operation is essential for NASA's applications,
we still disagree with the Lewis statement that "today, tomorrow,
and in the immediate future CO02 is the only high-power laser
for extended continuous wave operation". F]oWing gas CO
.1asers are already operating at Northrop and AVCO in a quasi-CW
mode at extremely high power levels. "Sustained operation is to be
demonstrated in the néar term.

Continuing with our‘comments on the Lewis statement,
we strongly disagree with the contention that the decision to
resort to COQ as a near term NASA expedient fs reinforced by
AFWL's use of CO,. for the Short Range Applied Technology
(SRAT) Program. SRAT is, above all else, short range, both
in terms of the distance that the beam must propagate through
the atmosphere and the need for a flyable "all-up" system in
the near future. ( The availability of a lightweight large power
source such as an MHD generator, for example, could conceivably
lead to a flyable CO system in the same time frame!) These
problems have absolutely no connection with NASA's, since the

technology requirements are completely different from start
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to finish.

Next, we questioh the justifications of the program based
upon quick opportunities for "technology advancement" and
"minimum technology risk". This is a very poor argument for
undertaking and sustaining a major rescarch effort. Technology
advancement is meaningTess if the advance is directed into
an area which has no ultimate usefulness. Indeed, this
might be a "low-risk" approakh; but, as in the case of most
investments, it is likely to produce small returns. First,
one should figure out what one is trying to do and then ask
what is the best way to do it when all factors are taken into
account.--NASA is familiar with a classic example of these two
modes of approach: In the late 1950's the U.S. made the
daring decisidn to develop and exploit liquid hydrogen as a
fuel for rockets. The Soviets took the more conservative

"low-risk" option of simply scaling up LOX-Kerosene technology.

Our approach allowed us to achieve our goal of manned landing on
on the moon within a decade, while theirs provided a short term,
limited payload, Benefit.

For all of the foregoing reasons, we feel that W. J.
Schafer Associates can hest serve NASA's mandate for us to
expreés our most frank opinions by adhering to our position that
C0, technology is inferior technology in the context of
NASA's goals for high energy lasers. We are well aware of
the amount of excellent work that has gone into the development
of the Lewis C0, facility; and we have a strong conviction that

this background will prove to be most valuable in terms of
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the experience accrued by the personnel involved. VYe definitely
do not believe, however, that the future will be best served

by an extended developmental effort based upon this machine.
Rather, we believe that it should be modestly sustained as an
experimental facility devoted primar%]y to applications testing.
Such experiments might include materials processing, laser
energy conversion, and, most.particularly, laser propulsion.
Theoretical studies of laser propulsion may have progressed

to the point where a demonstration of laser-induced thrust
generation is desirable. It may also be worthwhile to inves-
tigate the possibilities for using the facility as a testbed

for other lasing species, hopefully at shorter wavelengths.
Projects should not be pushed into the experimental phase,
however, until the neéd for an experiment is well established.
Otherwise, the all-too-frequent phenomenon will occur wherein
much money and the talents of many people are invested in
laboratory exércises that can only be classed as gadgeteering.
-—Over'and over again it is necessary to ask oneself the question,
"Why am 1 really doing this thing"? Insufficient reverence

for this query leads to the launching of Crusades to find the

wrong Holy Grail!

C. TRANSMISSION AND PROPAGATION STUDIES

As at the other NASA centers, a number of smaller research
projects are supported by Lewis, both as in-house programs and

as contracted outside efforts. Table IV-1 shows all of the
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contracted work. In this Section the Travsmicsion a=d Fropa-
cation studies will be briefly reviewed.

1. Establishment of High Power Laser Measurement Standards

This work is being performed at the National Bureau of
Standards in a collaboration among dASA, DoD, and NBS. NASA
is contributing only a small fraction of the total funding
($35 K of $350K). This very important work must be done; and
it is proper for NASA to support it and to be identified with
it. The level of funding seems reasonable and consistant with
the level of NASA's need for calibration standards at the
present time. '

2. Conceptual Designs of a Large Space Aperture

The initiation of this program to investigate the feasi-
bility of large projeétion apertures (up to 30 meters in diameter)
in space was a master stroke on the part of Lewis planners.,

They correctly identified a key element in all space laser
concepts thaf has been insufficiently studied by interested parties at
both DoD and NASA. The study, carried out by Itek Corporation,
establishes the credibility of large, diffraction-limited

mirrors deployed in orbit. Of three concepts studied, a seg-
mented mirror partially assembled in space was found to be

the most practical. Active (adaptive) mirror surface control
will be required; and the study concluded that actuator, sensor
and control logic requirements can be met without new technology
development. We feel that this last point deserves more detailed
scrutiny, because it is likely that advanced control methods



-50-

can reduce the weight‘and complexity of the structure, facilitating

easier errectability. Full adaptive control would also make
possible a fully cooperative relay mirror for the concept
discussed in Section B. There is also a need for more knowledge
of relevant materials properties.

This very important program deserves one or more follow-
on studies. In addition to ihe recommendations contained in
the Itek final report, we believe that a largely neglected need
resides in the area of scaling relationships. Math models need
to be developed for several aperture diameters so that para-
meters of interest such as weight, natural frequency and optimum
element size can be scaled for various applications. (Itek's
report gives Qery 1ittle attention to weight and how it
scales.)

Itek's study barely touched upon alternate optical designs.
fhese should be investigated in greater depth, and a comparison
of candidate configurations should be made on the basis of sen-
sitivity and fabricability, including alignment and test.

Other configuration tradeoffs should be examined also to compare
weight, natural frequency, ease of deployment, sensitivity to
envirbnment, and most certainly cost, at least on a relative
basis.

Here is a clear opportunity for'NASA to establish pre-
eminance in a field of enormous significance, not only for space

laser applications but also for astronomy and surveillance.
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This Lewis study has already had considerable impact at both
ARPA and SAMSO, and its implications are becomming widely
recognized in other DoD agencies.

3. Analysis and Design of a Ground Based High Power Laser

Adaptive Phased Array

The very important concept of aptimizing propagation of
a laser beam through the atmosphere to space by the use of
adaptive optics was not primordially originated at Lewis
Research Center; but, as in the case of the Large Space Aperture,
Lewis was the first laboratory to "take the bull by the horns"
and actually undertake a feasibility study. (In fact, there has
been so much preliminary work done on re]ated'problems by DoD
and its contractors that we incorrectly stated at the April
Program Review that we felt that Lewis was largely duplicating
other DoD efforts. Odr views were distorted by our perception
of DoD's level of interest in this idea" . To our knowledge, the
Lewis study is the first formal unclassified study that addresses
tﬁe problem of detailed analysis and conceptual design of a
system for beaming power from the Earth's surface to space.)

In section IVB we have already stated the strong arguments in
favor of transmitting a beam from earth to a cooperative space mirror,
and we have indicated our belief that this idea may be of high
value to NASA. Llewis' study of the phased-array transmitter,
of course, relates closely to this concept. The whole problem
of how to transfer large amounts of power from the ground to space

is centrally important for many applications of great interest

*Both the ARPA Space Object Identification (SOI) Program ard Laser

Technology Identification (LTI) study nave dealt with this
class of problem in some detail.
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to both NASA and DoD. 4Ye feel that NASA needs to establish a
close working relationship with ARPA to avoid duplications of
effort and to move the concept forward to the test phase in
the most expeditious possible way. In this context, we think
that NASA needs to look a bit more clése]y at its own intended
applications so that a clear area of interest can be defined.
This surely seems to be another activity where NASA can very
properly assume a leading role in a high-payoff scenario which
can capture the imagination of the public.-- WJSA has found

in an unpublished study that large economics might accrue

from laser propulsion when very large amounts of material need

to be raised from the Earth to high orbit, as would be the case

I e

for the construction of the "L-5" space station. The L-5 concept

has captured a surprising amount cof attention and acceptance

from a segment of the general public. NASA should be able to take

advantage of this interest.--As a program addressing applications

such as Propulsion, this work should have much more emphasis
and other areas (e.g. the Closed Cycle €O, Laser) much less.

4. Analysis and Design of Phase-lLocked Lasers

The idea of phase-locking numerous lasers to achieve higher

intensity on target while relaxing the demands upon individual
lasers (and associated optics) is a very good one. Here is
another concept which has been accepted rather passively and
intuitively by the DoD community, while Lewis proceeded to do
something about it. The possibilities for in-house phase-

stability experiments at Lewis plus the areas of concentration
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considered in the Rockwell study contract should lead to some
new insights.

Again, we caution that this sort of project should be tied
to an application at the earliest possible moment to avoid straying
into unproductive areas. Because of the limited funds available,
Lewis should concentrate on a small, unique program. (There is
a tendancy within NASA to invent $500K schemes for $50K budget
blocks!) Nevertheless, the concept is very important and should
be furthered.

5. Feasibility Study of TELEC System

The Thermoelectric Laser Energy Converter (TELEC) is one
of the devices initially studied under an Ames contract (see
Tables I1-1 &.2). A follow-on contract to Rasor Associates
has been initiated by Lewis Research Center to (1) perform
parametric analysis of megawatt level TELEC devices, (2) perform
conceptual design evaluations for 1 to 10 megawatt TELEC systems,
and (3) determine feasibility of a 10 KW TELEC for actual
testing with the Lewis CO, CW laser. If the study indicates
feasibility, a preliminary design of a test cell will be under-
taken. .

The TELEC concept is quite interesting because it has
already been tested at 35% conversion efficiency with RF heating,
and it has a potential conversion efficiency as high as 50%
with laser stimulation. It can be used not only for NASA

applications but also for such needful considerations as topping-
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cycle utilization of waste heat from steam power plants.
Experimental tests will also be useful to establish scaling
Taws for high power TELEC cells.

The TELEC study is definitely a proper province for Lewis
research. It is nicely suited for a test on the CW €O, laser
facility. We think, however, that the test scenario should be
kept simple. An unofficial Lewis proposal to test the TELEC

in a more complicated scenario using adaptive optics to correct

for disturbances along an atmospheric path smacks of unnecessary

gadgeteering. The important thing for the present is to prove
the power conversion concept. Adaptive optics beam correction
techniques are being extensively investigated by DoD.

6. Beam Shaping for Maximum Power

Even at major laboratories it is sometimes necessary to
perform exercises which have educational value. We assume

that this classical review of one of the more important aspects

of optical engineering will be usefu] for Lewis decision makers.

D. DVANCED LASER CONCEPTS

Here we lump together a few "add-ons" to the High Energy
CO, CW Laser Program plus other work at Lewis pertaining to

advanced laser concepts.

1. Screening of New Electrical Excitation Methods for €O,

Being tied to the CO, concept, this project has Tittle value

1f our assessment of (0 is correct. If we are wrong, it may
be a worthy experiment. As lTong as the (O, facil-ity is con-

tinued, perhaps it makes sense to try to improve it on a limited
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basis.

If the applications evaluation aspect of the CO, project
is emphasized, it may be desirable to increase the powey of
the device. Thus, limited experimentation with multiple-pass

beams and E-Beam excitation might be justified.

2. Evaluation of Scale-Up of the CO., Closed Cycle System to

a Flight System

- The work which has beeﬁ done already seems to provide ample
examples of the futility of pursuing this course. The low
efficiency of C0, lasers graphically manifests itself when

= one begins to consider putting such systems fn orbit! The weight
in orbit for lasers with interesting power levels (~10MW)

becomes tremendous (>1_O6 1bs), even ignoring the weight of

the power source and heat dissipation system.

3. Gas Contamination Study

. v This study is unique in spite of its intimate connection
with the c1oséd cycle CO, technology. As long as the facility
is operéting, it makes sense to obtain this data. It may be
relevant to other types of electric discharge lasers.

= 4. Excimers and Visible Lasers

As we have indicated in previous Chapters, we generally
approve of research that may move the state of the art of
laser physics ahead. Even though many different laboratories
are working on new short wavelength laser concepts, it is
ciear that many different lines of investigation must be ex-
plored. The Lewis programs are focussed upon thé basic physics

of CW excimers and upon large-volume ionization concepts. Both
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of these are important. We have already remarked in our
commentary on the work at Langley Research Center that we regard
the volume ionization research as being of highest importance.
The CW excimer work is unusual, because most 1abofatories are
pursuing pulsed methods. Both projects should be sustained

or expanded.

5. Exploratory Technology Applications Studies

The four principal conceptual areas upon which Lewis is
concentrating are, (1) power transmission and conversion,
(2) laser propulsion, (3) laser-materials interactions, and
(4) photochemical reactions. Efforts are undefway to define
design and scaling parameters for promising application systems.
Table IV-2 shows a bre@kdown of near and far term intentions
of the program.

Basically we find nothing wrong with the intended program.
Ne think, however, that it should be greatly accelerated,
because the applications will certainly drive the technological
needs. 'Since ARPA s spending a lot of money in similar areas,

there is a strong need to develop cooperation and coordination.
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E. SUMMARY OF LEWIS FINDINGS

Table IV-3 shows the synoptic breakdown of our evalua-
tions for Lewis Research Center. It can be seen that we have
expressed high opinions of nearly all programs except those
related to the CO, effort. 1In spite of the low scores in the
CO2 area, the overall results of the evaluation are quite
favorable. Lewis has some véry good people, and, on the whole,

an excellent research program.
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Table V-3 )
EVALUATION OF NASA LEWLS HIGH POWER LASER PROGRAM

o
< & ~
Q) >
N o s RN S
A, o > © e (© > ~
Q;agv ‘>t§° é& & < ;~\F9§\ N \gw -
\\‘9'1\"* -\"‘b\:\ o Q;\‘b & \"\\QQ ._,\Q N OF

RESEARCH « Q~\ - (‘.Q (\\ - \:(\ ~\f-; ' 2}7 @ (\Q <

PROGRAMS (& §Qq\b N PO T« AL NTO
x Evaluate Basic .
e Characteristics N . . :
3 of Operating 1 2 1 3 1 1.6 S
& Laser
x
(&)
- Screen HNew
o Electrical .
> Excitation 1 2 .2 3 2 2.0 S
© Methods
v
by -
S Evaluate Scale-
© Up to Flight - - - . .
- System 1 3 1 1 0 1.2 T*
(&)

Gas Contamination

Study 3 3 2 3 2 2.6 S

Establish High

Power Laser
Measurement 3 3 3 3 2 2.8 3

Standards {(NBS)

Conceptual Designs

of Large Space .
Aperture (Itek) 3 3 3 3 3 3.0 £

Analysis & Design
of Adaptive Phased 2 2 3 3 3 2.6 S
Array (Rockwell)

Analysis & Design
of Phased-Locked ? 2 3 3 3 2.6 S
Lasers .

TRANSMISSION § PROPAGATION STUDIES

Feasibility Study

of TELEC System 3 2 3 3 3 2.8 S
Beam Shaping for -
Maximum Power 3 Y 3 3 3 2.4 7
Excimers and 3 2 3 37 3 2.8 £

Yisible Lasers

Exploratory Tech-

nology Applica- 3 3 3 ?
tions studies 3 3 3.0 E

OVERALL
MEAN 2.5 2.1 2.5 2.8 2.3 2.5

SCORE

Significance Levels: Recommendations:

0 = None T » Terminate the proqgram

1 = Small ) S = Sustain at present level

2 = Fair £ = Expand the program

3 = High \

sBecause it 1s tied to CO, concept
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CHAPTER V. LASER RESEARCH AT JET PROPULSION LABORATORY

A. DESCRIPTION OF PROGRAM

A small but important fraction of NASA's laser research
program resides at Jet Propu]sion Labo%atory. The work centers
entirely upon the problem of how best to develop high power
lasers for short wavelengths. _Almost all of the work at JPL 1is
concerned with metal halide lasers. The copper chloride tfimer,
Cu,Cy, has emerged as a very promising candidate because it is
capable of both high pulse rate and high average power. JPL
is taking a global view of other halide options,Ahowever.
Sophisticated chemical kinetics computer codes have been developed,
and screening of many other metal halides is in progress.

The lasant in meta{ halide lasers is simply atomic metal
vapor. Copper 1is a good atom because it appears to have a
minimum of parasitic loss mechanisms, and hence highest energy
output and effitiency. (1t is an interesting fact that the
very firﬁt laser ever attempted utilized copper vapor as the
lasant. Unfortunately, the experiment was unsuccessful). The
big halide breakthrough has been the reduction of the lasant
operating temperature from 2000°K for pure copper to 4000K for
copper chloride. An initial electric pulse dissociates the
CusC%s; molecule, yielding the metal vapor. Then, a second
pulse is applied to establish a population jnversion in the
dissociated metal vapor. This double pulse technique was pioneered
by JPL, and it constitutes important progress. Subsequent pulses

.continue to produce lasing, provided that the pulse spacing

)
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and lasant temperature are maintained. The laser output is
quite sensitive to both of the latter parameters.

The work described above has been jointly funded by the
Navy (with ARPA money) and Los Alamos Scientific Laboratory
(with ERDA money) in addition to NASA: JPL does not distinguish

technically between the efforts for these three agencies at this

point, because the program still can only be categorized as basic
research. It is clear, however, that the ultimate app1icétions
requirements for the three agencies will differ considerably.
The Navy is particularly interested in underwater communications
and imaging (using the 5106 % green radiation’of copper), and LASL
wishes to exploit the possibilities of this laser for isotope
separation. These applications will require high peak intensities,
but not necessarily high'average power, whereas NASA's appli-
cations, as presently understood, will definitely require high
average power. The work presently in progress will lead to a
copper ch]oridé laser having an average power of ~ 100W at a
pulse rate of 10° pulses/second. Each pulse has a width of
~ 30nS.

JPL is eager to move ahead into the mu]ti-ki]owatt regime.
A powerful closed-cycle copper chloride device would probably
recondense the Cus;C2s and run the liquid through a radiator
for cooling. A subsonic flowing-lasant system would be fairly
simple to devise, but the more complex supersonic system would
permit faster pulse rates (v 105 pulses/second) and, hence,

higher powers. JPL feels that it could move forward rapidly into
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this sort of program if funds became available. This would,
of course, make metal haiides the state-of-the-art for visible
lasers, far surpassing the present state of excimer and hetero-
dyne laser development.

The only other area of laser related activity at JPL

which is receiving NASA support is a joint program with LASL

to study nuclear pumped lasers. The investigation is concentrating

on lasing He, at 6400 ﬂ by expo;ure to a flux of 10'® neutrons/
cm?/second from the Godiva pulsed reactor. This is a very

crude experiment compared with the conceptual nuclear system,
which would make use of the tremendous power density inside a
gas-core reactor.* Nevertheless, the possible payoffs from
successful development of a means to generate laser emission
directly from thét environment areAtanta1izing to contemplate.
Present EDLs have mass—f]ow.efficiencies of ~ 10 KJ/1b., and
chem1ca1 lasers are operating in the range from 50 to 100 KJ/1b.
The nuclear laser might have an efficiency measured in Megajoules

per pound rather than Kilojoules.
B. COMMENTARY

1. Metal Halide Lasers

The technical aspects of the metal halide laser are diffi-
cult to discuss beyond the publications and reports of the JPL
research group. Indeed, they have led the field since the
inception of this idea, and we believe that their assessments are

accurate. The kinetics theory of this type of laser is extremely

* We understand that recently both the Sandia Labs and Langley
Research Center have .also conducted experiments on nuclear
pumped lasers.
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difficult and not completely understood. At present the experi-
mental data is more advanced than theory. Nevertheless, several
things are apparent, particularly with regard to efficiency

and scalability.

The efficiency of the present devices stands at about one
percent, making them comparable with many CO, lasers in this
respect. But, as we have previously mentioned, the overall
efficiency of a system built around a short wavelength laser
will be much greater than that of a long wavelength laser because
of the much smaller optics required to deliver a specified
irradiencé to the target. Furthermore, the ﬁ]timate efficiency
" of the metal halide devices is expected to reach at least 3%
and perhaps as much as 10%.

Scalability seems insured, although detailed scaling laws
are not yet in hand. There is a complex interaction between
Iasing cross section ahd pulse delay time, and the optimum
temperature of the lasant is quite critical: Hith all other
parameters held cOnétant, the optimum delay time decreases as
the discharge tube diameter decreases, jndicating that diffusion
as well as electronic deexcitation is acting to deplete the
lower levels between current pulses. This relationship is, of
course, different in flowing gas devices.

With all of the uncertainties, it is still clear that the
promise of metal halide lasers is at least as favorable as that
of excimers, and the time of availability may be much nearer for

metai halides. It is also clear that it will be very difficult
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to make direct photolysis work for chemical lasers at visible
wavelengths*, Hence, the outlook for metal halides cannot be
understated.

In previous chapters, we have reiterated many times our belijef
that successful development of short wavelength high power lasers ‘
js absolutely essential if large-scale exploitation of lasers
for space applications is to be realized. The JPL metal halide
program appears to be one of the brightest hopes for near-term
realization of this necessity and, hence, should be very actively
supported. The funding level for this program has actually
remained constant for several years in spite of steady technical
progress. Inflation is actually reducing the Teve] of support.
Moreover, since the same research is being supported under two
different NASA RTOPs, further loss is occurring because of
administrative necessities such as dup]icate report writing.

--It is a bit paradoxical that NASA wants to support basic research
and futuristic applications concepts but puts much of its money
into hardware (e.g. the Lewis CO, laser) and peripheral efforts
which do not focus on Specific applications concepts. The JPL

high power metal halide program provides a perfect example of

a project which has all of the credentials that NASA should

desire and, yet, is not being pushed ahead with adequate enthusiasm.

It would be equally valuable to other agencies, and NASA would

be preeminent in the field.

*ihere is some hope that hybrid systems may be developed which
combine chemical photolysis with other energy inputs such as
solar or electrical energy.
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2. Nuclear Lasers

The modest experimentation that has been done with nuclear
particles as a pumping source for lasers can scarcely be regarded
as definitive. It seems to us that experimentation is almost
premature in this field. Detailed theory and computer modelling
seem more in order. The JPL laser team has nuclear physicists
and theoreticians who are capable of launching the needed studies.
We feel that an effort should be sustained in this field, but we
do not hold much hope for usable systems within the foreseeable
future. As long as a Qiab]e possibility remains that efficient
nuclear lasers can be built, however, the research must continue.
There is sufficient justification for NASA applications that it
seems_]ogica1 for the funding to continue.

3. Future Prospects

JPL has a fine team of physicists and engineers who are a
real asset for NASA. At present, howevef, they are very man-
power ]imited and cannot realize their full potential. They
desire to expand beyénd present programs, with particular interest
in hybrid laser systems which might combine chemical energy with
electric, solar, or nuclear inputs. We strong]yrendorse the
capabilities of this team, and hope that NASA will consider aug-
menting it both with funds and manpower, perhaps by transferring

focus from another center. Our evaluation summary is appended

in Table V-1.
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Table V-1
EVALUATION OF NASA JET PROPULSION LAB LASER RESEARCH -
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CHAPTER VI. RELATIONSHIP OF NASA TO THE
WORK OF OTHER AGENCIES

A. INTRODUCTION

In this chapter we shall briefly .outline high poﬂer laser
technology areas which are of mutual interest to both NASA and
other agencies. The underlying motive is to encourage mutually
beneficial cooperation and problem identification. The surest
way to accomplish this is to identify very carefully those things
which are unique. Consequently, we shall omit from the following
discussion the several cases already explained wherein there
is duplication of effort; and we shall concentrate instead upon
the unique topics which seem ripe for collaborative exploitation.

Uniqueness can characterize either complete research efforts,
pieces of research efforts, or enfire applications. For example,
the JPL metal halide program is unique physical research in the
short wavelength laser field; the Lewis Large Space Aperture study
is a unique part of the technological research leading to the
exploitation of lasers in space; and the building of an L-5

space colony is a unique NASA concept which may require laser

propulsion from the Earth's surface in order to be feasible.

B. CRUCIAL TECHNOLOGIES

The following list of technology areas is offered to illus-
trate some topics of outstanding mutual importance for many
purposes, providing ample opportunities for unique contributions

and cooperative efforts relating to on-goina projects.
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(1) Large Optics: Beyond the pioneering study of large erectable

optics inspired by Lewis Research Center, there is a vast amount
of work to be done. In Chapter IV C.2 we have already outlined
numerous follow-on study topics derived from the initial work.
In the broader view, the work will become much more explicit
when it is tied to specific applications, leading to large indi-
vidual programs.

Soon, systems studies should be undertaken to identify the
specific applications and to separate the common requirements
from unique requirements. Such systems studies could very properly
be undertaken as joint efforts by NASA, ARPA, and the Air Force,
for example. This could lead directly to cooberation rather
than competition in the future.

(2) Adaptive Optics: It is perfectly evident that adaptive

optics will play a crucial role in the realization of Large
Optical Systems. It is, nevertheless, entirely proper to regard
Adaptive Optics per se as a separate technology area. The number
of optical elements, size and weight of the elements, amplitude
and frequéncy responsé of the adaptation, control method, soft-
ware requirements, and a host of other problem areas will be
peculiar to each application. Requirements will be enormously
different for adaptive systems projecting from the ground to space,
from space to space, and from space to the groundﬂ A whole

new technology and many new industrial opportunities will grow

out of these needs.--One of the key areas which needs attention

is how to extend adaptive control to thousands of Furface elements

without monstrous computing systems. Simplicity is crucial.
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(3) Short Wavelength Lasers: The advantages to be realized from

short wavelength lasers.operating at high power levels are so
tremendous that this quest must be regarded as one of the most
exciting in the history of technology. Many promising avenues
exist, but it is quite possible that tﬁe best ones have not yet
been found. Any unique idea which survives initial peer review
and careful theoretical scrutiny is worth pursuing experimentally.

(4) Very High Power lLasers: The conceptual gap between technolo-

gical monstrosities which might produce large amounts of coherent
radiation and truly efficient devices which can do useful and
justifyable work is enormous. Recognition of this fact is very
important; but it is not apparent that many 1éser technologists
are aware of it. Scaling laws, estimated total system weights
and volumes, and estimated total system efficiencies must be
regarded as indispensible fructifyﬁng principles which govern

the evolution of lasers from research projects to application
components. Seeking this knowledge should be a major occupation
of high power laser enthusiasts.

(5) Kinetics: The'dffficu1t physics and chemistry of the lasing
process can be understood in depth only by bringing together
detailed knowledge from numerous disciplines. Thermodynamics,
hydrodynamics, MHD, spectroscopy, statistical mecnanics, electro-
dynamics, and physical chemistry are a few of the areas of formal
knowledge which must be brought to bear. Indeed, the history

of high power laser progress has been built around synergistic
extrapolations from researcn in these areas. (He‘have already

mentioned that the first gasdynamic laser concept grew from
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reentry physics research). It is likely that the future of lasers
will be more influenced by new basic researcﬁ than by any existing
hardware program.

(6) yglggg.fjgiggjggiiggz As we have discussed at length in other
Chapters, the efficient and uniform excitation of large volumes

of gas is an important necessity for the development of efficient
high power lasers. This requirement applies for many different
kinds of lasers. The "seed gas" concept pionecred at Langley
Rescarch Center could have wide applicability if proven feasible
because it could eliminate the need for electric discharges and
other "excess baggage". Such peripheral concepts for improving
the overall efficiency of laser systems must be jdentified and
pursued vigorously.

(7) Fine Pointing Accuracy: Clearly, it will be impossible

to beam power tb any remote 1ocatjon, either for propulsion or

for electric power transfer, unless the beam can be steered

with microscopic precision. Pointing accuracies of 0.01 to

0.001 microradians are needed, and they will not be easy to achieve.

Ultimately, the fine pointing problem will probably turn out to

be a subset of the adaptive ontics technology. Any simplifying
methods, sucn as cooperative peinting and tracking based on return
signals fron the target, etc., will be worth investigating.

(8) Laser Induced Thrust Generation: The application area of
Laser Propulsion COVeErs a multitude of ideas, ranging from air
breathing hich-altitude Remotely Pi]ofed Vehicles (RPVs) to
interstellar probes. First one must decide what one wishes to

propel, and whence. Then one must investigate the propulsion
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options in great detail. Preliminary studies indicate that

laser propulsion will Be a tremendously important asset, parti-
cularly for lofting very large amounts of material into space
(e.g. for constructing L-5), but much remains to be proven.

The very first thing that might be done is to demonstrate conclu-
sively that a gas can be heated to a high temperature in a thrust
chamber by a laser.

(9) Materials Interaction and Processing: Laser welding and

machining are in their infancy. They may remake entire industries.
The preliminary studies of holographic machining at Lewis are

an important first step. Innumerable ideas andAapplications

remain to be explored.

(10) Photochemistry: Photochemistry may hold the key to the

manufacture of incredibie new materials. It may also make presently
inefficient processes efficient. An efficient means for separa-
ting water into hydrogen and oxygen, for instance using solar

energy augmentéd by laser radiation, would be a gift of inestimable
value to the world.. It would provide a universally available

and storable pollution-free fuel.--The use of solar energy to
directly energize lasers is also of premier importance. Solar
energy may be an ideal source for large volume space laser exci-
tation.

(11) Environmental Monitoring: It is not entirely clear whether

strictly passive spectroscopy can provide sufficient information
for remote environmental monitoring. (Astronomy has gone far

in understanding stellar and planetary atmosphores by passive
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observations only). Laser methods may be of considerable value

but this needs to be proven.

(12) ggergxﬂgpnversiqg; This category is sometimes a subset of

other categories such as thotochenisiry and Thrust Generoiion.

It should also exist as a separately jdentified crucial technology
area relating to the generation and storage of electric pover
induced by laser beams. Any app]ication that has need for

electricity in a remote location might ultimately benefit from

this technology.

C. NEW CONCEPTS WHICH RELATE TO NASA'S INTERESTS

There are important study areas now being funded by Dod
which may bear heavily upon NASA's future plans: e call attention
to them here without claborate commentary; but ve urge MASA

to search for common grounds and to monitor the progress of these

programs.

The: Air Force is moving toward the design phase for an

actual demonstration of a high power laser in space. Currently,
the Space Laser Experimental Definition (SLED) study is being

funded by ARPA through SAMSO under two $550,000 contracts. Both
contracts address the same task, basically to jdentify key problem
areas and to define the work blocks. They seek to address all

component requirements unique to space applications and to note

common requirements. Lockheed and Rockwell International have the

present contracts.

C -

po— e e Pt




FUERCCEICT PPN £ e

-73-

The subject of large erectable space apertures has been
receiving SAMSO attention. Recently three contracts were awarded

to Lockheed, Hughes and Rockwell to study methodology and provide

design information.

Both Avco and Physical Sciences, Inc. have contracts to

study laser propulsion for ARPA.
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CHAPTER VII. SUMMARY OBSERVATIONS AND CONCLUSTIONS

In the previous chapters we have reviewed all present NASA
research activities pertaining to high power lasers and related
fields. Measures of importance called Evaluation Criterié were
formulated to enable a grading of the programs at each NASA
Research Center according to potential usefulness to NASA. We
can now coalesce these evaluations, which are summarized in the
tables at the end of each chapter describing the work at each
laboratory, into a ranking showing our estimates of the approximate
value of all of the programs. The results are given in Tables
VII - 1, 2, & 3. Where appropriate, the tables also list for
each program a Related Crucial Technology from the list of
twelve technologies discussed in Chapter VI.

In comparing tables VIi—l, and VII-2, it is interesting to
note that the first table recommending expanded programs, tends
toward small but exciting and avant garde basic'research work.
Table VII-2, which recommends programs to be sustained at the
present level of effort, tends toward more mundane, engineering
oriented projects. These observations probably reflect the high
value of new ideas in a rapidly evolving field of science.
Moreover, they may point to the difficulty of mounting really
worthwhile engineering efforts on a very limited budget.

It should be noted at this point that we have tried to avoid,
where possible, passing judgement upon the performance of the
research groups at the four laboratories. We have tried to con-

centrate, instead, upon the usefulness of ideas for NASA's long
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Table VII-1

ACTIVITIES OF HIGH USEFULNESS TO NASA

--EXPANDED STUDY RECOMMENDED

Related Crucial

Laboratory Program Value Technology

Ames Laser Energy Conversion 3.0 Energy Conversion
Photochemistry 2.8 Photochemistry
Harmonic Up-Conversion 2.8 Short Wavelength Lasers
Tunable Laser Lab 3.0 Kinetics

Langley Lérge Volume Preionization 3.0 Very High Power Lasers
New Photonics Efforts 3.0 {EEZES;hggliziiion

Lewis Large Space Aperture 3.0 Large Optics
Excimefs and Visible Lasers 2.8 Short Wavelength Lasers
Exploratory Technology Ehrus? Generation
Applications Studies 3.0 ;22?;;2;;15235355‘”9

Energy Conversion

JPL Current Copper Chloride
-Laser Experiments 3.0 Short Wavelength Lasers
Metal Halide Screening 2.8 Short Wavelength Lasers
Desjgn of High Power Super
e taser P 5 ery High Poner Lacers:
Deve]op M1OPA CusCls; Lasers 3.0 {323;tH?Zﬁe;23§£hLE§Z$§S
Proposed Hybrid Laser Short Wavelength Lasers
Research 2.8 {

Very High Power Lasers
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Table VII-2
ACTIVITIES OF MODERATE USEFULNESS TO NASA

r
ERX 3 Fi1 F3Y rF1}

--SUSTAINED STUDY RECOMMENDED

=

-

aboratory Program Value !

Ames * COEDS Laser - 2.8, [5
. Theory of Vibrational Energy Transfer 3.0 "la '
+ Quantum Electronics Theoretical Support 3.0
i §
Langley » Javan's Support : 2.2{_“1
Chemical Laser Instabilities 1.8‘1‘_-!;'
Chemically Pumped Visible Lasers . 2.6{:‘:
-~Exc1'mers' ’ ‘ 2.4 rﬁ‘
Cool's Support | 2.6 “E
Lewis , - C0, Closed-Cycle CW Laser--Basic Evaluation 1.6 :
Screen New Excitation Methods for CO, Closed-Cycle Laser| 2.0 ¢~

N

Gas Contamination Study
Establish HPL Measurement Standards

Analysis and Design of Adaptive Phased Array

N NN

Analysis and Design of Phase-Locked Lasers

(AN

JPL - Nuclear Laser Technical Support

Nuclear Laser Experimental Support 2.
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Table-VII-3
ACTIVITIES OF LITTLE USEFULNESS TO NASA
--TERMINATION OF STUDY RECOMMENDED

Laboratory Program Value
Ames Arc-Heated GDL 1.2
Electronic Rgcombination Laser 2.2

High Brightness Laser Facility 0.6

Isotope Sepa;ation 1.2

Langley High Pressure CO, Tun;B]e Laser 1.6
Atmospheric Transmission Studies 1.6

Lewis CO, C1osed—Cyc1e CW Laser Scale-Up to Flight System 1.2
Beam Shaping for Maximum Power 2.4
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range advancement. There are, however, noticeable differences
in the talents, orientations and abilities of the staffs at the
four laboratories. The key question is how to best utilize

the limited amount of manpower that is available to the best
possible advantage?

Although in some parlance the $6-million*that NASA is
presently spending per annum on laser research might be regarded
as a lot of money, it is actually quite small, both in terms of
the grandoise long-range moti&es of the work and also in terms
of the national commitment to laser research embodied in defense
funding. To answer the question of how best to use NASA's
limited resources, we must consider the constraints imposed by
the available budget.

Referring back to Table I-1, it can be seen that NASA is

presently supporting just under 100 man-years of effort per annum.

Table VII-4 shows how the resources are apportioned:

Table VII-4
APPORTIONMENT OF NASA LASER RESQOURCES

Laboratory | Funding/yr. Man ?qus/yg.
Ames $ 1.55 M 20

Lewis 2.31 M 37
Langley 1.48 M 21

JPL 1.14 M . 26

The budget is spread thin, indeed, over a very large number

of projects and a very large geographical area. This, naturally,

* As shown in Table I-1, this sum includes salaries, overhead
functions, and Management Support as well as outside contracts.
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makes it difficult to coordinate the work; and poor coordination
leads to inefficient use of resources. One possible "fix" is
to expand the budget for increased travel and coordination.
This should make it possible not only for the various NASA
researchers to keep abreast of their own mutual interests, but
also for them to travel fo other facilities of other agencies
to better understand their programs and requirements. We have
noted at several points in this report that NASA has insufficient
knowledge of DoD's laser programs in spite of the fact that there
are many cross-connects of NASA's programs with those efforts.
Another possible improvement would be to concentrate NASA's
laser work at fewer laboratories. When an agency is involved in
a low-budget effort, consolidation is often a good idea. It
appears to us that it would be relatively easy to cut operations
from four labs to three. It would also be very advantageous
to -concentrate all of the work on specific problems at one center.
Hence, for example, Photochemistry might become a major research
effort at one center-only.

Finally, we wish to make an observation about application

orientation versus research orientation as guiding principles

for laser work at NASA's-laboratories. Most of the programs that
we recommend for termination (cf. Table VII-3) were not unin-
teresting, but simply irrelevant to NASA's needs. In most cases
this could have been easily perceived, and wasted effort could
have been avoided. On the other hand, there are programs which

obviously have a great future even though specific applications
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may not be immediately apparent. Laser Energy Conversion is a

good example of a technology area whose uses have not yet been

fully defined. Surely there is some danger of such programs being

"put on the shelf" just when they have succeeded, but this is
not too likely in the case of really good ideas because applica-
tions tend to grow from "follow-ons" to the research. Good
judgement usually permits recognition of good ideas; and, hence,
there is still room for a lot of pure research sans immediate
applications.

Projecting ahead toward the year 2000, it is certain that
lasers will have a role in NASA's future. The extent of that
role will depend largely upon NASA's ability to persuade the
public that lasers are worth the needed investment to achieve
full exploitation. If the public truly believes in the "L-5
Space Colony" concept*, laser proﬁu]sion may provide the only
practical means for achieving that end. This is the ort of

"driving inspiration" upon which NASA's researchers and decision

makers can capitalize.

*cf., July, 1976, National Geographic Magazine
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PHYS] CAL_GAS=DYHARICS_& LASERS BEAICH:

HIGH POERED LASIRS RTOL. 506-25-41:

et - ————— e b remmuEm e o c iR S Sueu o e P -

HASA__AIES  RESCARCH  CENTER
(SPACE PHYSICS, ATHOSPHERIC PHYSICS, & SPACE FLICG!H TECHNOLOGY)
(A primary goal is ncw ideas., Hence there is a close collaboration with academia.)

(Primarily near term necds - device & technelugy oricntation -
Evaluation of needs for KASA missions)

1. GAS DYHARLC LASERS )

A. COMPUTER MODELS:
1. 1st Generatiocn Code 2. 2nd_Generation Cude This code allows paravetric
a. Nozzle vatio 10 to 20 . ntczle raliu &2 L. 100 optimization ¢f outpul pover
b. Stag. pres. 10 Atm. o b. Stag. pres. 10 to 200 Atm. as a function of:
¢. Stag. temp. 1000-1300 K c. Stag. temp. 1300-2500°K 3. cavity geemetry
b. mirror transmission &
absorption
. ¢. ge&s mixtures of CDZ' Ry
and H, Q.
B. SMALL CONTINUCUS FLOW ARC-HEATED FACItITY. 2

(510 W, N

11. CO SUPERSQMIC_EDL PROGRAM (CO SEDL)

{To date has run at 25 atk. & 2200K for 30 second periods. Modifications

hopefully will produce 2nd generation conditions)

To experimentally verify computer studies

Yo study effects which cannot be calculated such as geontelry & gas injection
To provide versatility not attained by‘others who use shock tube driver 6DLs
To investigate water in the gas mix at high pressurc

To investigate effects of other contaminants such as occur when air rather
than pure nitrogen is used - various fuel combinations

(Potentially has twice the efficiency in closed cycle as COZ
laser and half the wavelength)

For efficicncy, CO SEDL must utilize a non self-sustaining discharge photoionization source (t-boan)
Need alternate preionization sources for both NASA & DOD applications because Lhey arve: (a) chizaper,
(b) simpler, (c) more reliable, (d) produce no x-rays .

Best operating conditions for NASA missions are considerably different than AFWL missions

(Concentrates on alternate excitation methods)

(Still under [ The goals of these progrons
(182) arc to:

rd under NASA contract.

Yascy supersonic wind tunnel)

b. Will be studied at ARC ir, small "blowdown" tunnel designed
to duplicate and extend the Stanford method. 1. Demonstrate that both rethacs

wory in a CO SEOL.

A. COMPUTER MODEL RESULTS:
1.
2.
3
B. EXPERIMENTAL PROGRAM
1. Double Discharge Method
2. Developed at Stanfo
study in smaid QW
z.

Investigate Yimits of cper-
2 For this work, a Yarge tlowdown supersonic laser wind ation such as
tunnc) has been built. (AFWL & LRC-NASA are experi- a.discharge energy leading
menting with POKER excitation for small COp and CO Yasers. b.control of avevage clectron
ARC has only supersonic POKER. A1} AFWL funded programs enerqgy, etc.
(Bocing & Northrop MSKM) use E-bean. ARC has unique 3. Demonutrate simuvltaneccus high
capability provided by burst-mode high voltage pulser & power & cflicient operation.

Pulser-Sustainer Method (PONER) 2.

large capacitor bank for sustainer pover supply.) 4. Evaluate feasihility of (0
SEDL for potential LAGA S
117, LASER_ENERGY COMVERSION | AFWL missions.

(efforts to convert laser energy into electricity, shaft horsepower, or

storable chemical energy.

A1l OAST centers plus JPL have programs related to this protlesn)

A. CONFERENCES:
ARC organizcd, hosted & reported two conferences on laser energy conversion. (Sce Acrorautics ard
Astronantics, July-fugust, 1975)

B. STUDY CONTRACTS AWARDED BY APRC:
1. Rasor Associates - thermo-electric converter, (theory & ARC says the results of the

small experiment). various prograns are enccuraging,
2. Mestinghouse Research - laser engines. They want tt go te delailed cra-
3. U.C. Berkeley - MOM optical diodes. incering designs & experimentel
4. Princeton - laser dissociation of water. tests. Big problem: Hindow
materials; Sapphire is one of
C. ARC TN-HOUSE THEOREVICAL STUDIES: few known wmaterials.

1. Up-conversion from high power, high intensity IR to visible.
2. Stirling engine.

IV, TUCORY: _ VIRRAUIOUAL ENERGY. TRATSFER EROI DIATOZUC U LCULES

(Uetails of excitation of specific vibrational states.}

Collisional conversion of vibrational

encvgy to translational encrgy has important effect on population of a-particular vibratioenal state,
Very litile quanlitative information exists on V-T rate dependence on quantwum number, even for

sinplest diatomic wolecules.
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{ADDRESSES FULDANEHTAL QULSTIUS  WutiCR, ALTHOUDE “HIGH Viﬁﬁ” BAY LAVE LT FERN PAYOIFS)

YAMPLE OF SUCCESSTUL EFFORY: Complete theoretical description of the absorption of all of the faportant
eser tincs hy lzboratery plasmas. This greatly contribotes to: (1) laser fusion ctudtes, {2) toser
cortunfcation through plesie sheaths, (3) Disgnostic measurescents of plasra terperature and electrun densitics,

{¢) Concept of dircct laser-clectric eintrgy coenversion in thermionic diodes.
contractor devclopment of the TELEC device,)

Il

I,

vi.

(This ARC concept led to

ELECTROUIC RLCONT INALLCH_LASER

GOALS: Attempt to maie GDL for A < 2.5u. Try t5 produce population
aversfon in lower electronic states of an ionicelly reconbing atoric
vapor by rollisionat quenching from adwised melecules withuwt cxtcrral
eneryy input. Mcasurc relevant quenching cross-sections experinentetly.

BFFORTS: (A} Hurerical fategration of Ha-K_-Ar through gentle nozale
to predict populations. (Xeyuncertointy affecting thvs
possibility is quenching cross-sections).

{8) Smal) expcriment usirg hcated Ma vapor pumped by 3303 1
dye lascr in presence of &, will measure fluorescence
decay 25 2 function of Ny pressure.

{C) TYhese rosulss may be extencded to otheor atonmic & molecular
species since quenching by nolecular species s very
comnun & dues not depend on exact energy level resonances.

HIGIL BRICUTHESS VASER FACILITY

GOALS: Use high drightuess hd: Glass laser to study 1aaer»ma!ter
Tntleractions. Investigote possible inversion {21 A-112A4) in alusirum
plesma. Investigete invcrsion of soft x-raey transition levels produced
by charge exchange collisions between highly tonized plasma (produced
by laser) and an ambicn? background gas.

EFFORTS: Drive KNd: Glass laser with node-locked Hd: YAG escillator
equipped vith pulse selector & two arplificrs. Try to echicve 1077 wWatt
pulses with pulse vidths adjustable fron 25 p.sec. to 1 n.sec. Use
Intensity profiling & Faraday isoletors to avoid self-damage to laser by
scelf-focusing or back-reflections from targets,

LASER_1S0I0PE_ STPARATIN

COALS: Seperete isvlopes of a varfcty of rnolecules, inclucing BCY®, SFF,
0s0Y, S1F* and 1207079, (Laser selcctively excites the desired fsotopic
soeches, Another laser or other mechonism then lonfzes the 2xcited
species to implement separation).

EFTORTS: (R) Use high power (>1 GW/Cu?) pulse from CO, Veser to excite
vibretiovnal transitions of isotopic molrgule.

{8) Attempt to vse 10.6y €0, lines which overlap 0,0 lincs to
scparale heavy water from Ho0.

HAH?IIL(~UIEK£EJOJ,UF‘JBJLAS[L~KAYELLHGIHS This inportent conccpt nriginated
at ARC. They have waintaired

COALS: Oevelop efficicnt vp-conversion of high intensfty/high Yeadorship dn the ficld.

efficicncy 1R lasers {such as €0 & CO,) to short wavelengths, This

would (1) significently reducc the mass 2 dimensions of treasmitting

3 recuiving optics and (2) couple encrgy bhetter to detectors.

FROULER: Some rezent grogress has beun malde on the up-conversion

p ci by using tvo ¢hotin resonances in retal vapors. 8ut, for IR
fnput photons, specics having ltevel spacings of only a feu tenths of
#n ¢V can be wscd, viz., rolecular vapers. This is 8ifficult because
of {1) their spectral cerplerity, (2) unknown oscillotor strengths,
and (3) very low oscillater strengths emong the vibrational levels

fna the ground clectronic state (much swaller than for etoms).

KEY DISCOVERY: Virtual vidronic (vibrotional-clectronic) transitions
€an b WU Since such transttions are primarily electronic, they
hove nuch larger walrin ¢lerments than two-photon vibrational ground
state transitions, GEeceuse of this, efficient conversion can be
achicved with nolecular systems. -

' i i th i i L cguring ial provis-
EFFORIS: {(A) Preli 21y $tudy: My {enly molecule with comnletely Without assuuing spocia )
U docunialid 6{?T1falorzs:rcngtns) was used to gunerate fons, such as se matchiag, the
theoretically the Ird hareonic of A « 4.8y, calculated corversion clr\(|(qcy
{retio of ocutpst third hervonic
(8) Will use tunable lasers to measure other oscillator to irpul purp) was very tnCourag-

irg. dor the planc wave case (ro
(C) ¥il) usc calevlated values using wave furctions of Arnold|fciusing of beam inte n{?fugon
et al to cstedlish a wicder choice of molecular candidates{cell, or efficicney ol'iJ~ wes
(such a5 €O & CH'F which are &lready &nown to have tuo- lachieved for ordy 1.8 Fu,
photon resonances vith (0 leser radiation

{0} W¥il} attempt experizental confirmations of promising
cencdidetes. A
JHEORY & Calcudations of tne effects of collisiens of photens, electrons,
3105 and rolecules with other atoms or nolecules.
GOALS: ) Yo guide the developrentl of gzs lascrs.
T } Yo predict intcrections of photons with gases & plaswuas.
(3) To countrilbute to laser irducgd chemistry exprrircnts. )
(A} Lodes for corputing €ross scetions four rotaticnal o vivretivenel
excitation in celltsions of atons with diatowlc rolecules,

1
H
3
EFIGRIS: (A

() An analyticel expressicas h2s been developed for the coefficient
of adsorptlicn of photons by ncutral atoms.

(C) Absorption ctoefficients of the incrt gascs have been corputed.
Coefficicots for other clements can be recdily conputed.

(D) The cocfficient for 2bserption of laser radiation by 2 hydrogen
plased has teen calcuvlated., The theory conpares favo-ably with
experinen iy,

(€) These Yaser-matter interaction studics are being extended to include
pulti-photon effects. This shtould lead to highly accurate two-
photon photoionization cross sections.

Wips LASCR APl ARC has csteblished a lay with three turnable lasers
lif{:%ghy%rrgbrkgng‘, e ranges 0.25 to 2.%u, 0.25 to 0.75u and 0.35 to
0.6%p. A tocputer int e? to & voveforn digitizer provides state-of-the-art
6ata zcquisttion. £¢) 18 _THiLVDe -

A) Feosurrcrnts of cross scctions b rate constants.)
8 Keasure. »nts of psctllator strengths, .
t; Assessrentl of quality of Ccorputra wave functicns,
D) Assessir~t of fsgtepe scyparaticn for KASK nceds, such s
1} Spoce shuttle materrials
i?; Irpraved officiency & cost reduction of PTGs,
(£) Asscsuivnt of laser fnduced cherastry for hASA meeds, such as:
(1) Reasereevnts of rate constants for Shuttle pollution.
' Feesvtvooat of spectrol vesponse ©f laser cnoray convepters,
ic; Aticopt Lo drduce cohrrent rediation at UV and x-roy wavelengths
by Marcceically pueping plusny oscillations 1n actels,

A-3
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111,

LASE R £l BOLECULAR FIIYS1CS _BRANCH
. RESEARCILANEAS.  (rTor 500-25-43)

HIGH PEESSUTE £0p TUIAABLE _LASER LONCLEL FOR [MPROVING ATHOSPIERIC FLOPAGATION:

(Pressure troxcentirg of 10,6y CO, lines amounts to * 3 CHz/Atm.
only 2 Atm. of cavity pressure gllows sutficient tunin
to increase transmission

—_ Tl -~ -

A.

1.
2.

5.

c.

TESEFNCIL Q3 JIEN EREFSY_IOLECULAR LASERS

A,

- o

TEOSPHERIC ITan5Es

or ke
propagetion corputer codes, high resolution
have been cenducted

from 50T to 90a.).
Issues

The alternative of using isctape lasers #s not practical.
Trede-off studies are needed to compare adventages of tuning

of f €0, 2bsorptiun line versus adventyes of bhinctic conling effect,

High pressure 2lso inplies high power density, compact devices;
hence, there ray be advantages for airborne & spoceborne
applications.

10EAS

High pressurc lasers ray be prefonized by methods other than E-
bears, such 2s: (1) UV flashlamps, (2) low ionizatien-potential
seed rateriel {orgenic gases, e.g. trimethylamine), (3) nuclear
particles. Such rmethods wouild periit uniforn lasing media of
largs volura. Trnus extremely "high power tunablc lasers with
high electric cisciiarge efficiency (»>20%) & good frequency
stability ey be feasible.

Proper prefonizetion techniques could also lcad to extrere
frequency stebility (< MHz) medium power (~ 1 KM) high pressure
lasers. R

£702TS

€0, high pressure laser (built by Javan under contract) is

being used to rezp pressure broadened line profiles. The laser
operates 2t 3 Atm. with an energy of ~ 0.1 J/pulse. The grating
8 telescope provide ~ 3GHz rescolution.

Anether contract with Javan will seek to investigate:
Instahilities of off-peak lines while maintaining high
efficiencics.

Travelling wave (instead of standing wave) configurations to
reduce the rnusder of longitudinal rodes.

Hode loctirg to evoid fluctuetions betwoen lTongitudinal modes.
Use of higa pressure €O, absorption cells insice the cavity to
force eperaticn ofi natural {3 Atm} frequency. ’
Effect of ercess pressure (to 10 Atm.} on tuning & stability,
Conditions for higher pulse rates & encrgies,

Trace-oifs between highly stable & reproducedle pulsed operation,
Propagation in lab and in ficld.

Oscillator - arplifier possidilities.

Tracde-offs beltween tuning off lines & kinetic cooling.
Comparative studies of various preionization techniques.
Comparative laser Cesign requircnents for key KASA & DOD missions.

S35 STUDIES

Uy  tniing deta

purpcie or inputs to exis ting NASA & COD
spectroscopic studies

in twe modes:

Long path lebsrztory cxperirents have been rade. They have agrced

favorebly with existing theoretical estirmates. Present & vocoring

dctivities fnclude: .

Use of tunetle ciode Yasers to measure the 9.6y band of ozone
(03) with hich resolution,

Use of tunz2ltle cinde lascrs to measure propagation at wayn-
Yengths corresponding to pressure-broaderned wings of €0 and OF
Yaser lines.

High resclution atrespheric transmission reasurcrents are being
nacde, vsirg & turable laser heterodyne spectrondier to observe

the sun. This will address the problem of uncertainties in the
aerosol 2ttenuation at various altitudes, particularly at DF
wivelengths, . . . .

-~

Langley altso has censiderabls expertise in determining acrosol
distribution by LIDAR ranging. This could be applicd to the
DF probles.

CREMICAL LASEE 1KST ASILITIES

Study of vibvreticaal-rotational (¥ = R) rotetfonal-rotational
(% + R) relaxations in chemical lascrs. This eultiline
cascading results fa dirprorerlty controllced output. Coentrolled
aultiline o¢r sinzle Vanc operation cannot be achieved until the
provlon is uadaritood, '

EFFORT !

Use Tultivavelernsth excitatinn and flvorcscence datection of the
resulting transiissiens to oblain key data.

CHMERICAY LASIES IN THE VISIALE .

txgcrircnt vsing raptd preheating of rmetal compounds tn 8 shock
tube, supersoeic rixtnn vith oxidizer, and rapid initiation of

chentcd) reaction: with an E-beam,

Eyperfoent usirg dissocietfon of metal compounds with electric
discharges - - Shews prordst for high cacrgy molvcular laser
concepts.,

EXCINLR PESIPRCR

Studics of Krl. Grest potential extsts for excitinag rf with
high tacray photons or nuclear particles,

Henue ,

N

—_—

——

p——

2t altitudes above 2.5 hm
g off of atrmouspheric COZ ahzorption line

This fdca originated at tangley.
The tmmediate effort involvrs
€O0,. Other nolecular spuecies
lrg also of interest., ’

Girect nuclear excitation of
kigh pressure (0, lasers hus
not teen demonstrated. (0 hos
been demonstreted, however, - -
kay form of preionization would
benefit lerge voluwe devices.

Such devices would be well suit-

ed for "photon missions”™ svch as:

1. Radar mepping of detailed
surface features of plancts
or other distant space
objects from earth orbiting
satellites.

2. Pemote sensing of atmospheric
components of other plancts
or the earth itself.

3. Optical radar for missile
defense.

Present data is very rough.They
know that the; nced better
wavelcenath vesolution & 1iv¢
fdentificalion to make signifi-
cant measurcaants of piessure
broadening & tuning.

It is not clecar from the posit-
i6n paper how the work will he
divided between Javan's group 7
the Langley group. HMHor fs it
clear what work will de cone
theoretically, computaticonally,
er experimentelly. Tawen ot
face value, the projected
program is suprosed to single-
harcdedly solve practiczlly al:

L predlems of NASA and DOO.

This will be very relevant to
surface-to-sp2ce pronagation of
9.2By £0p radicetlion now being
investigated by AFUL.

This reasurercnt, relevant tno hich
pressvre CO L 07 lascr develen
will corplencnt propagatien reasure.
rents now being dene at A witn
fixed-frequency €O & OF lasers.

This effort exactly duplicetes the
work of Hartwick's grouo et The
Aerospace Corporalion. Perhars it

fs Justified, however, by the
difficult & varicdle nature of the
absorption problen (i.e. two
reasuresients ray be better than onz),
tost or 211 of this work is becing

done by Cool et Ccrnell under
contract with Langley.

e

It 1s not clcar what leovel of
effort is frnvolved, or whet
technology s evailable 2t Largley.

h v maa mie el
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OBJLCTIVL:  "TO DLEIHE YME POTLHTIAL OF MICH PUSLI LASERS FOKR FUIURE HASA MISSIOus,”
SIRATLGY @ (1) UNULRSTAND RiLEVANCE OF MPLS TO KRASA POTEKTIAL HELDS,
EYALUAIL (FETTCAL TECHNULOGY,
ASQESS POTENTLAL APPLICATIUNS,

The program {s touted as broueder than DOU or ERUA cfforts, which muy address sfugle objectives such av 2
particular weapon systen, lescer fusion, radar, or isotope separation, The lewis program ds suppoted to

2ddress KASA opplications in o flesable fashion such that laser technology is pushed ahead on o brodd front.

An effort has becn made to c¢voic¢ dupiication of the work of other agencies, and o joint effort Le establish
seasurement stondards for HELS hos bebn undertaken with D0D and KBS,

KEY PREMISE: NASA epplicetione will require Yeng duration operations. This implics:
(1} Closcd-loop operation to conserve lasant, and
{2) Migh avirege power (W to avoid high peak intensities.

EESEARCH _ AREAS:

1. L0, JECHHoLOGY Closnd leop Cw EDL has been built. Presently § - 10KW kether grendicse ¢leirs are eade
s ; . ing ballasted multiple pin discharge ercitation. a2bout unigueness of anonroach A
Can be scoled to 7UKK using an electron beam for differeace from EvbA, TU0, etc.
jonizalion., ObLjectives: £.6.%The results of these studies
A. FLOXIBLE FACILITY for investigation of: should serve as ¢ sterting point
T for any possitlc future detailid
1. Scaling laws (ultirately to 10 KW) . design of specific closcd-cycle
2. Operational charecteristics toL or GDL leser systecs & be of
3. Contamination and long life effects bencfit to DOD & ELDA ¢s well &s
£. Resonator/optics designs NASA. This, of course, overlooke
possibilities of row :c:hnolo;y.
B. SOURCE OF RADTATICH FOR OTHER NASA APPLICATIONS RESEAPCH, May permit:} such as solar encrgized lasers.
1. Comparison with nen-laser techniques
2. Studies of airborne/syeceborne tradeoffs
.
1. JRANSHISSION MD_P ”J“m‘\Ufi oy .
ive programs are underway to investigate large, This section males many nmaive
\\ghl weight mirrors for space applications and statemenls which scew to reflect
adaptive cptic techniques to compensate for beam Tittle appreciation for the
distortions introduced by the atmospherc, including state of progress of (00 work.
beam chennel hcating, turbulence, & scattering: It appears that tney are about
to repeat much work already
A. CORCEPTUAL DESIGH STUDY Of 30m DIFFRACTICHM LIMITED SPACE MERROR \ completed.
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1.0 INTRODUCTION

Gasdynamic lasérs operate by virtue of the population inversion
which can be produced between vibrational energy states when a gas is
rapidly expanded. 1If the relaxation rate of the upper laser level is
slow compared to that of the lower, the'first will temporarily be
characterized by a temperature approaching that of the plenum, whereas
the other will tend to thermalize at the actual gas temperature (lower

due to the conversion to directed kinetic energy).

If nearly pure nitrogen pumps a small quantity of CO,, the

2)

maximum possible available laser energy in the flow is given by

3353 -1
PA/m = 185\e T, - Kj/1b

where TN is the effective vibrational temperature of the excited N

9
As shown below, there is a dramatic improvement to be gained by

"freezing' at the highest possible value of TN:

N’ K: 1000 1500 2000 2500 3000

PA/ﬁ, Kj/l?:, 6.70 22.2 42.6 65.6 89.9
NASA Ames Research Laboratory has chosen to take advantage of this
by heating the working gas to temperatures as high as BOOOOK in a
Marquardt arc unit. Since combustion is not involved, the approach
offers a wide degree of flexibility in gas composition.

In view of questions regérding the kinetics and the ability to
extract power from the flow, W. J. Schafer Associates, Inc. has been

asked to critique the concept. Reviewed in this report are: 1)

vibrational deactivation kinetics, 2) laser gain, 3) species dissociation.

B-5



2.0 VIBRATIONAL DEACTIVATION KINETICS

The high—temperature operating capability of the arc heater,

together with the possibility of high-pressure operation (up to 200 atm.)

with area ratio 26 and 40 nozzles, raises concern about vibrational
deactivation: i.e., can the favorable available power described in
Section 1 be realized by effective freezing in the nozzles, and can it
be maintained in the supersonic cavity flow?

The primary rates of importance to the N2/C02/H20 gasdynamic
laser kinetics (shown schematically in Figure 1) are presented‘in
Figures 2-4. There is obviously considerable scatter between the data
of different investigators (primarily at high temperatures), and the
indicated correlations represent best estimates based on consideration

of expected trends, the experimental techniques used, and the

experimentalists. As shown in Appendix B-1, the rates of loss of available

power via collisional deactivation of excited nitrogen and carbon dioxide,

. . ' -1 -1
> ! .
respectively, are proportional to kNMLVM and wCOZ/ kp + (Eka3ML) ]
where wM is the concentration of the collision partner. For typical

concentrations of interest, i.e., 0.01 < ¢CO < 0.20 and 0.005 < wH 0 <

2 2
0.05 with y » direct deactivation of N_ by H, O is generally
‘ HZO 2 2 2

small compared to CO2 deactivation by HZO or N

<
—-wCO
2; deactivation of excited
N2 by other partners is even less. Consequently, the characteristic

length for available power loss by deactivation, i.e., that for which

e—fdlding can occur, is essentially

I
Tk o,

u

v
CO2

1
X +
P
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Pumping is extremely rapid at the temperatures characteristic of cavity
operation and provides no barrier to deactivation there, i.e., the

excited CO2 and N2 remain very closely coupled, but it can be an

important source of gain saturation with strong laser power extraction.

However, it can impede deactivation of CO, at high temperatures typical

2

of the '"freezing" zone.

It is convenient to represent the overall deactivation length
£ by

-1
g =2+ %+—2—1—
, P 3N 3H

where Qp , the effective pumping length, 2 the CO, deactivation

3N° 2

length by N and 2 the CO, deactivation 1ength by H

20 30’ 2 0, are plotted

2
%n Figure 5 as a funcfion of area ratio for plenum temperatures of ZOOOOK
and 3000°K. The curves for Y = 1.5 correspond essentially to equilibrium
(fully-relaxing) expansion, while vy = 1.4 corresponds to frozen flow.
Consequently, a transition from the vicinity of the former towards the
lattgr can be expected in the vicinity of the nozzle throat (h/h* = 1)
with a well—configured design. Also shown in Figure 5 is the available

10.6n laser power for nearly pure N_ at equilibrium (i.e., for T _ = T);

2 N

higher available power will result, of course, beyond the freezing point.

In the vicinity of the sonic throat, deactivation by H,O at typical

2
concentrations will always be negligible, and loss due to CO2 deactivation
by N2 will be the dominant effect; however, if the rates can be trusted

at high temperature, it can be seen from Figure 5 that the pumping rate

(as noted previously) will retard the loss somewhat. The effective

B-11
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deactivation length at the throat at To = 2000°K is about five times that
at 3000°K, but the extremely rapid rise with distance (much of the expansion
occuring within one throat height beyond the throat) will diminish the
effect of the difference. In view of the equilibrium available energy
benefit of the higher temperature, it appears certain that improved frozen
energy will always result at the highest possible temperatures attainable
with the NASA arc heater if wbozpoh* is less than about 2 atm-mm. Since
increased CO2 partial pressure will always delay the transition (reducing
freezing efficiency), and since the cavity volumetric benefit of increased
pressure will generally be offset from an overall systems viewpoint by the
increased mass flow requirement, NASA should restrict plenum pressure to
the lowest value compatible with the exhaust system unless the experiments
are specifically devoted to deduction of effectivé rates.

Within the optical cavity, pumping will always be very rapid compared
to collisional deactivation. More water can be tolerated at lower area
ratios and higher plenum temperatures, but.its helpful effect on the lower
CO2 laser state (Figure 4) decreases with increasing cavity temperature.
Coliisional deacti&ation within the cavity should not be a serious problem
with reasonable pressure and concentrations. Experiments devoted to rate
determination at cavity conditions are not warranted in view of the excellent
data already existing tﬁere.

Since TO = 3000°K offers no more than about a factor of two in maximum
available power over To = ZOOOOK, serious consideration should be given to

materials problems at the higher temperature. Other detrimental effects of

increased temperature are considered in the remainder of this report.



3.0 GAIN COEFFICIENT

The gain coefficient is the measure of the amplification of the
laser medium, and, as such, it determines the ability to extract useful
energy. In the case of an oscillator, it must be sufficient to overcome
all losses (including transmission): with an unstable resonator with
75% output coupling, a reasonable limiting guideline for good beam
quality, the product of the gain coefficient G and the total (two-way)
path length L must exceed about 1.4 for oscillation to be sustained.

The gain coefficient for a CO2 laser operating on a P-branch
transition is given by

T. T,~T.
3 1

’—ll —|
w

T

—_Q e

= -1 - -2 =, -1
[l—e_T3/ T3] [1—e”T2/ Tz] [l—e—Tl/ Tl]

is the vibrational partition function, and where J = P-] is the rotational

where Q

quantum number. The parameter B is essentially independent of pressure
for p > 0.05 (i.e., where pressure broadening dominates Doppler effects)
and is weakly dependent upon concentrations for a typical N2/C02/H 0

2

gasdynamic laser. Its principle dependence is

T, ;I—‘R
B8 X 0.60 ';? (2J+1)e_J(J+l)7F-cm—1

-1
which is shown in Figure 6 to be virtually constant at 0.51 cm = for
operation on the optimum rotational transition, a condition often selected
by a resonator (it is interesting to note, however, that minor gain

variations result over a wide temperature range, giving rise to the line

B-14
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switching so often noted in CO2 lasers). Using the peak 8, the quantity

G/y

is shown in Figure 7 for T, = T, = T, i.e., for very rapid
CO2 2 1

deexcitation of the bending and symmetic stretch modes of CO The

2°
rapid loss of gain at high gas temperature is due to filling of the lower
vibrational states and to wide distribution through the rotational ones.
Superinposed on the gain curves are gasdynamic expansion ones for
freezing at the nozzle throat. As noted previously, the upper limit for
a given area ratio (y = 1.4) c;rresponds to essentially frozen expansion
beyond the sonic region, whereas the lower (y = 1.3) is representative
of equilibrium flow. Area ratio tends to have a much greater influence
on gain than does T3, the gain actually displaying a relatively flat
maximum with T, with the peak occuring at less than 2000°K for area ratios

3

of interest. Since available power continues to rise with T the actual

3’
optimum from én overallt performance.viewpoint will lie somewhat above the
gain maximum.

The NASA arc heater experiments will permit gain investigations in
this essentially-unexplored optimum region where rate data is sparse
(Section 2), but a note of caution is advised regarding the J-dependence.
Although an internal oscillator will tend‘to select the optimum transition,
an external probe laser may vary over a range of rotational lines, and
fairly significant errors can be incurred with off-optimum line operation.

The variation of B shown in Figure 6 must be accounted for in the data

reduction, and a spectrometer should always be used.
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4.0 DISSOCIATION

The high temperatures which can be attained with the arc heater
(up to BOOOOK) can proddce dissociation of the major species. Like the
vibrational energy which "freezes" in the rapid expansion, the gas
composition may also remain relatively unchanged from that in the plenum.
To determine the extent of dissociation, equilibrium gas conditions were
calculated for interesting mixtures from 1800-3000°K and from 10-100 atm.
The calculations are presented in Appendix B-3, and representative results
are shown in Figures 8-12. 1In g;neral, the dissociation is negligible
(less than 10% departure from the reference composition) for T < 24000K,
but CO2 dissociation, in particular, becomes significant at higher
temperatures. It is interesting to note that water tends to retard the

formation of CO at the expense of increased 0_ and NO, neither of which

2
have much effect on the system.

Due to ﬁhe uncertainty regarding recombination rates, it is
fortunate that a sonic throat temperature of 2400°K corresponds to a
plenum temperature near or beyond the capability of the NASA arc heater,

so dissociation should not affect the experiments. It is expected that

equilibrium flow will exist in the subsonic region.
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5.0 CONCLUSIONS

The performance to be expected from the NASA arc-heated gasdynamic
laser has been studied from the aspects of:

1) vibrational deactivation kinetics,

2) laser gain,

3) dissociation.

On the basis of these results, the following conclusions can be drawn:

1) good vibrational freezing can be expected if Po¢002h* < 2 atm-mm

for temperatures up to the system limit;

2) high-pressure operation (in excess of the above) is warranted

only if high-temperature relaxation rates are to be inferred;

3) high-temperature rates have not been adequately determined,

and the experiments may be justified on that basis alone, since
optimum 002 laser performance may result with T0 > ZOOOOK;

4) probe laser rotational line operation should be monitored with

a spectromete;, aﬁd appropriate data corrections should be made;

5) dissociation/recombination kinetics may pose a major source of

uncertainty for To 2 2400°K.

Although the analyses suggest peak laser performance at high
temperéture, the advahtage will be relatively small, and the rapid
deterioration of material properties may offset the benefit. This factor
should be explored before major costs are expended on the planned arc-heater
experiments.

Iﬁ view of the limited advantages of the high-temperature operation,
the program is recommended only if its goal is the measurement of previously
unexplored rate data. Even then, there are probably better techniques

available.
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APPENDIX B-1 o

DEACTIVATION KINETICS

. i
[

The vibrational energy per molecule is given by

LT. Y.
BitiY4
T./T. . .
E, = e* '
1 »
where g; = degeneracy , Ti = characteristic temperature
wi = species mole fraction, Ti = vibrational temperature .

The kinetics of the N2/C02 system are described in part by

T T T, T
n__n 3 '3 .
dr E.E T ¢ T T T T 3 3
n 3 "n n o 3 - -
Yax T Yy kp 8._E :—(e € ) ZlPmknml(En En) -
-2 3'n T3 i
and - }
noL L X
T
dE3 E3En T3 T . Tn T T3 3
i L -e T ad oo )|
X 2 P Y3, P T, r*
sr 3.3 g D 1
E E T T T T !
+ k 32 e 3 -e 2 :
Zl‘bm 3ml O E =
3 2 .-
I
¢
|
where k = N2 - CO2 pumping rate constant, r
kijl = deactivation.rate constant for state i by specie j, - ]
(
T = gas temperature |, a = laser gain coefficient < l
p = gas pressure , ¢ = local radiant flux ?
- T,/T L
u = flow velocit 6, =1 - ¢ . E, = E (T. = T). l
y k4 i » i i i r
| 1
L
-1
|



Assuming that enough catalyst (H20 in the NASA experiments) is
N
available to deactivate the symmetric stretch and bending modes to Tl =
I\J' — —
T2 = T , neglecting the minor 27°K deficit between Tn and T3, and assuming

that exp(Ti/Ti) >> 1, the equations reduce to the simple linear set

dE_ . L. -
ix - T Wy B3 7 ¥eo By TL;(En - E)
and
dE
3 . L - N TP
ax ) (“’cozEn l”1«2‘“‘3) JLC(E3 Ey)

for no power extraction. The characteristic lengths are given by

L o= , L= R . S
¢ z lpm k3m]. 4 n X l,"mknml P kp
Combining the equations to eliminate E3, we obtain
|
4 dE ("’coz+ wNz 1) dE_ ¥co, _
L =Y +\—— + o Gt (E. - E)
dx p dx lp RC p dx lc n n
o [% ") . Ls
+ dx | £ (En - En) + A +-§T_ [ (En - En) =0
n P n/ n

For most cases of interest, the second derivative produces a very rapid initial
e N
transient which occurs over a length scale of about (I— + T + 7 . Over

longer distances, the term can be ignored, resulting in the approximate

solution

(B-27)
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when direct deactivation of the excited nitrogen is neglected.

In the nozzle of a gasdynamic laser, the pressure and temperature fall.
rapidly as the flow is accelerated. Consequently, E; decreases very rapidly,
essentially vanishing at high Mach nﬁmbers, while £, which was zero in the plenum,
rises dramatically. The net effect is to cause the integrand to have a very
pronounced maximum at a point within the nozzle, generally near the‘sonic
throat, from which most of the contribution to the integral occurs. Thus,

the available energy in the laser cavity can be represented by

where the "freezing value" Enf is primarily a function of the properties near
the aforementioned maximum, and Rcav is dependent on the properties in the

. %
cavity. Scaling dimensions with the throat height h , and noting that Qc

is dominated by nitrogen (wN Y 1) at elevated temperatures, Enf is primarily
2
*
dependent upon powCO h and To,for a given nozzle contour. Furthermore, if
) -
* %
h /& idis less than about unity, it is primarily the subsonic and sonic contours

which determine E _.
nf

The effective deactivation length can be represented by

1 1
+ 2
i + 1/2,3m p-

1/9.3

(B;ZB)




X
Y“l‘L;!_. -
} 0.100(T_/T) 7-1 (T -T)

where x, = wCO w P 23n = 173 atm-m

2 2 303 + 108.51 - 47.17

T
-7f o Y \ -3
= = L ‘L‘__ _ -
9 VCO wH Op023m 8.55°10 'T) Y—l(To T)(1+10 "T) atm-m

2 2

%
i

i

b)
N
;_‘
l‘—'
O

T
x, ={¢.. . p
3 CO2 op 8. 6

for a constant Y (ratio of specific heats) expansion. The temperature is in
%
turn related to the local nozzle area ratio h/h by

Yl
— 2(Y—l)

(35'_ ¥) B (v+l "f)

Tabulations for these follow for y = 1.3 (corresponding to essentially

1.4 (frozen flow) for TO = ZOOOOK and

equilibrium expansion) and for ¥y

3000°K:

(B-29)
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SR-52 Program:

T  STO
Y STO
T  STO
2nd LBL

1

RCLO2

2nd 1/x

2nd 1/x

STO 04

RCLO1

RCLO3

2nd 4 x

01

02

03

RCLO1

RCLO3

STO 04

RCLO3

47.1

2nd 1/x

9.51

+/-
INV 2nd LOG

+

3030
2nd 1/x
RCLO4
HLT
RCLO3

1000

RCLO4

8.55

EE +/-7

HLT

RCLO3

(B-32)
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APPENDIX B-2

GAIN COEFFICIENT

T T .
1) 8= 0.604? 21+1)e 30T DT 7l T - 0.565%

Maximum @ —— = 2J(J+1) » g = 230EIFD) 5 51 for 3 >> 2
Tr

max 210+ 1)

Transitions: B(J) = B(J+2) @ :T- = &‘ZI-J% %(2J+1)(2J+3)‘
Tx In o5+1

J 13 15 17 19 21 23 25 27

T: 237 307 386 475 572 678 793
1 43+ 3

5173 e (2J+D) (23 + 3)

@ Transition: B - 0.51 27+ 3 + 0.5 for J >> 1

11) G/vl)C =

960 1920 \ | - === 1.13(J+1)+1997
1383(, . 3 T T 3 T

(B-33)



G/y T: 200 400 600 800

0 336 670 1002 1334

0.1 962 © 1350 2171 (3196 @ 700)
0.2 1212 1933 (2832 @ 500)

0.05 801 1071 1549 2435
0.15 1093 1626 3322

I11). Gasdynamics (e = A/A*):

€2 10 20 30 40 . 50
‘ M: " 3.993 . 4.726 5.231 5.609 5.914
y=1.4 - -
} T*/T: 3.998 4.255 5.394 6.076 6.662
: M: 3.582 4.207 4,586 4.864 - 5.084
y=1.3 '
T*/T: _ 3.544 3.178 3.613 3.955 4.241

(B-34)

60
6.171
7.181
5.267
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LBLA

STO1

1.13

LBLA
STOZ2
RCL1

705

360

RCL2

CHS

RCLI

1920

RCL2

CHS

f LN

CHS

RCL2

3.54

HP-65
PROGRAMNS

fLN

R/S

. 565

STO2

RCL1

1.13

1997

RCL2

Chs

(B-35)

RCL1

RCL2

CHS

RCL1

gLSTx

STO3
f—l/rw

gx><y

£/
RCL3

gx><y

RCL2

£/

RTN

f1LN
CHS
gl/x

3380

RIN » T



SR-52 PROGRAM:

0.565
B = 0.60 T (2J+1)e
J STO 01 +/- J: 13
T INV 2nx T:
2nd LBLA X 250 0.510
STO 02 («( 300 0.499
2nd 1/x 2 350 0.485
x x 400 0.471
.565 RCL 01) 450  0.457
= + 500 0.443
STO 03 1 550 0.431
x ) 600 0.419
RCL 01 - 650  0.408
X X 700 0.397
( .6
RCL 01 X
+ - RCL 03
1 2nd v/
) =

= HLT

(B-36)

-J(J+1)

15

<514
.514
. 507
.498
.488
477
466
.455
445

<435

0.565
T

17

.500
.512
.515
-512
. 507
.500
.492
.483
<475

.466

~1

19

.471
.496
.509
.514
.515
. 512
.508
.502
.496

. 489

21

.432

-469

.492

.505

.512

.515

.514

.512

. 509

.505

23

.385
433
-465
.486
. 500
.508
.513
.515
.515

.513

han T |

i {
u“ Se——

o f i
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1
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oo e YRR e YR e M o BT e T e LT B R Bme et ad TR Rrslies red @ e e mEm R s T mem

Co. » CO + % 0

H,0 = OH +

N | =
oo

N, -+ 02 -+ 2NO

0, » 20

Initial conditions:

APPENDIX B-3

HIGH-TEMPERATURE DISSOCIATION

by Sy
o Yco “02
S U Yeo. T Vo T 2
Cco 2
2
Y. Y
o H, "0, ’
= —— + =
K, Py 2ot 2y thgyt ¥y =0
H.O 2 2
2
/F{ ¢0H'¢H2
= — ) \ ’
Ry =7 b ot Ynot oo, tVeo T 2o, YUt
H,0 2 2 2
¥y T ©
o2
NO . _
SN ¥y, * o T ¢
2 2
2
Ya
= . | ! !
Kg =P 73 Yeo. VYoo T Vmo T Y T Vo t ¥y
H2 2 2 2
+ wNO + wo + wo + wN = 1
2 2
2
Yo
K, =p —
6 ™
2
Voo, T3 Wy o T b ¥y ot gy T C= §'+ 2a
2 2 2 2
20 =d->d=2(1-a)-b , c=2a+2
N » 2

(B-37)



T: K K K K K K

1 2 3 4 5 6
-2 -2 -2 -2 -2
3000 .3417 4.628°10 4.841°10 1.472-10 2.475-10 1.441-10
-2 =2 =3 -3 -3
2700 .1013 1.490°10 1.312°10 6.592°10 3.207-10 1.487-10
2400 2.195°107% 3.634-107° 2.573-1073 2.410-1073 2.516-10°% 8.738-10"°
2100 3.035-107° 5.954-107% 3.178-107% 6.595 107 9.658-107° 2.299-107°
1800 2.135°107% 5.383-107° 1.964°107 - 1.170-10"4 1.277-107 1.819-1078
2 I
Yeo Xy Yeo. Xy k. Yco¥y k. K. Yco¥u o
vo= K —2 -, -1 2 Ly = =2 2 v A2 _2_ " 2
| b4 7 3
° 6 Pl O P\ Yg h, K wcoz B Np K wcoz
]
K l1’}CO Kl K wCO H_.O
v =44y —2 b =K. 4L 2 2
NO p N, Yeo OH 3Y K, PYco »

Note that dissociation is inhibited by high pressure.

(B-38)
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Yoo, ¥ K V&) Yeo

2 2 4 6 2

For b=0: ¢y, = =|—=K + K —+ (1-a) + =2 ) -—=
O P\ V¥ ! I\N P I

2 1
wcoz . U’002 l"coz wcoz
K *——*‘JK (1-a) + K, (1~-a)K, —J+4n | + 2 K K
o o ¥ VE 4 b e CeN 6 Yeo 1/ Yoo !
(X P = v
co
HP-65
PROGRAM
. -1
Input K+ STO 1 RCL 5 £/ RCL 7
Input K, > STO 2 X STO 8 RCL 8
Input K. = STO 3 RCL 6 RIN -~ p fv
Input a - STO 4 X LBL B 3
Input wCO
LBL A 1 RCL 4 . R/S + ¥No |
STO 5 RCL 4 RCL 5 2 j
RCL 4 - ' - + ;
RCL 5 i
+ RCL 2 R/S - wcoz CHS
1 X RCL 6 1
- £V £/ +
RCL 1 RCL 6 RCL 8 RCL 4
X X s -
STO 6 +  8TO 7 R/S » ¢ RTN - ¢ j
02 Nz :
2 A RCL 6 !
x + RCL 8 ;
RCL 3 £/ + :
£/ 0 RCL 7 RCL 3
+ + £v
4 RCL 5 X
x + R/S » Yo

(R-10)



100

.03864

.06136

.00294

.00065

.00624

.89688

.01593

.01407

. 00091

.00036

.00360

.96820

.00678

.00322

.00026

.00019

.00195

.98902

30

.05023 0.
.04977 0.
.00382 0.
.00136 0.
.00712 0.

.89644 0.

.01959
.01041
.00110
.00073
.00396

. 96802

.00787 0.
.00213
.00029
.00037
.00204

.98898 0.

(B~-40)

10
06168
03832
00450
OOéSS
00773

89614

.02277

.00723

.00117

.00130

.00409

.96795

00867

.00133

.00027

.00062

.00199

98900

2700°

100

.02000
.08000
.00164
.00016
.00312

. 89844

.00887
.02113
.00058
.00009
.00193

.96904

.00415
.00585
.00020
.00005
.00115

.98942

30

.02762
.07238
.00235
.00034
.00373

.89813

.01182
.01818
.00081
.00020
.00227

.96886

.00529
.00471
.00027
.00012
.00133

.98934

10

.03640

.06360

.00313

.00068

.00431

.89784

.01497

.01503

.00103

.00039

.00257

.96872

.00639

.00361

.00033

.00022

.00146

.98927



a:

a

0.03:

0.01:

100 -

.00783
.09217
. 00067
.00002 -
.00120

.89940

.00363
.02637
.00025
.00001
.00077

. 96961

.00180
.00 20
.boblo
.00001
.00049

.98976

30

.01121
.08879
.00101
. 00005
.00148

.89926

. 00510
. 02490
.00038
. 00003
. 00095

. 96953

.00247
.00753
.00015
.00002
. 00060

. 98970

(B-41)

10

.01548
. 08452
. 00144
.00011
.00177

.89912

.00688
.02312
. 00054
.00007
.00113

. 96944

.00324
. 00676
.00021
. 00004
. 00070

. 98965

= e e s o > . 0 - e e e ———

2100°K

100
0.00217
0.09783
0.00019
0.00000
0.00033

0.89983

0.00103
0.02897
0.00007
0.0C000
0.00022

0.96989

0.00052
0.00948
0.00003
0.00000
0.00014

0.98993

30

.00316

.09684

.00029

. 00000

.00041

.89979

.00147

.02853

.00011

. 00000

. 00027

. 96986

.00074

.00926

.00005

.00000

.00018

.98991

10

.00444

.09556

.00042

.00001

.00050

.89975

.00205

.02795

.00017

.00001

.00033

.96983

.00102

.00898

. 00007

. 00000

. 00022

. 96989



1800 K

a= 0.1 P
Yo'
lJJCO
IJ)0

Y

Yno'
WN

a= 0.03:

a= 0.01

100

.00037
.09963
.00003
.00000
.00006

.89997

.00018
.02982
. 00001
.00000
.00004 -

.96998

.00009
.00991
.00001
.00000
.00002

.98999

30
.00055 0.
.09945 0.
.00005 0.
.00000 0.
.00007 0.
89996 0.
.00026 0.
.02974 0.
.00002 0.
.00000 0.
.00005 0.
.96998 0.
.00013 0.
.00987 0.
.00001 0.
.00000 0.
.00003 0.
.98998 0.

(B-42)

10

00078

09922

00008

00000

00009

89996

00036

02964

00003

00000

00006

96997

00018

00982

00001

00000

00004

98998
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i e A AR & PVl n e M et s

 SUNRN R R

3°1,0
= 0: 2y + + et 4 =
For a 0 21,JH o ZwH VT b
2 2 H
2
2 v K0
R Y40 Yu.0 V& H0 3%1.0
o 4 -A<1_2>K 2, 2 22 ), Yo, 20, 22 _b
H,0 P 22 P\ 2 vy P2 Uy pJJH' 2
2 2 2 2
2
2y
o M, 1\ |
oo b 2 p(jr)H
2
’ N b y? K !
ol oY, Yol o p 2 . 3\
P 2 p /2 K, : 2 p
' : v, + = GJu, /p
S w2 o,
' l‘5“"1{2
— 2 2b - 2y - \|[——*% v
1 K b) vEe ) K iy P T
1+ = S -2y 22+ & e 4+ K
v P 2 P 2 P oot 3 P
H K H
2 L4 3 \[—2
VHZ 2 p
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Input
Input

Input

Input

Input K

Input

Input

K. -»

K -

b

- >
2

p
LBL A
RCL 6
RCL 3

RCL 7

£/

STO

STO

STO

STO

STO

STO

ST0

RCL 5

£Y

1

RCL 7

RCL 1

STO 9
RCL 1
£

RCL 7

STO 8

LBL
RCL

O =

o)

RCL
RCL 8

RCL 7

gLSTx
gx ><y
g 1/x.

RCL 6

(B-44)

RCL 7

‘RCL 1

RCL 1

RCL 9

RCL 8

8x ><y

RCL 4

RCL 7

RCL 8

£

BX ><y

gLSTx

RCL 1

RCL 8

B i T PR

RCL 1

RCL 7

RCL 8-

gx ><y

STO 8
gRv

RCL 7
X

£/

g 1/x

[ T Tt Y aena |

" 1 1
[ ] [~ ] e ] [ =55 el [ —1

1

. , — MM MM

—



RCL 8

gx ><y

RCL 6

&

STO 8

RTN

LBL C
RCL 8

RCL &4

b

RCL 6

RCL 8

_RCL 7

£/ !

(B-45)

+ RCL 9
+ RCL 1
R/S - ‘JH 0 X
2
STO 9 RCL 8
RCL 2 +
X f-l/
RCL 8 RCL 7
RCL 7 +
x R/S-Mpo
&/ STO 9
+ RCL 5
R/S'-HpoH X

—



e e o g o

- rgP—— b —— o

3000%K 12700°K
1
0.03 100 30 10 g 100 30 10
U 0.00463 .00610 .00762 §.00231 .00318 .00421
0.00107 .00224  .00434 §.00027 .00058 .00116
wH 0 0.02399 .02156 .01858 §.02718 .02598 .02443
wOH: 0.00171 .00244  ,00326 §.00074 .00110 .00156
wozz 0.00058 .00089 .00127 E.OOOBl .00049 .00075
wO: 0.00029 .00065 .00135 3.00007 .00016 .00033
wNO: 0.00287 .003;7 .00426 .00140 .00178 .00219-
wsz 0.96857 .96822 .96787 .96930 .96911 .96891
;
b/2 = 0.01 .00228 .00284 .00331 .00119 .00159 .00204
.00075 .00153 .00286 §.00020 .00041 .00081
.00699 .00590 .00464 =.00855 .00796 .00723
.00071- .00098 .00124 .00032 .00048 .00066
.00020 .00031 .00042 .00011 .00018 .00028
.00017 .00038 .00078 .00004 .00010 .00020
.00172 .00212 .00248 !.00086 .00110 .00135
.98914 .98894 .98876 §.989S7 .98945 .98933
’ {
]
0.003 .00100 .00114 .00116 .00057 .00073 .00088
.00050 .00097 .00170 E.00014 .00028 .00053
.00163 .00122 .,00081 '.00230 .00204 .00173
.00025 .00032 .00036 .00013 .06018 .00024
. 00006 .00008 .00010 .00004 .00006 .00008
. 00009 .00020 .00039 ;.00002 .00005 .00011
. 00092 .00110 .00123 E.OOOAS .00061 .00075
. 99654 .99645 .99638 E.99676 .99669 .99663
{ .
(B-46)
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!

b/2 = 0.03 100 30 10 g 100 30 10
.00092  .00129 .00176 ;0_00027 .00039  .00053
.00005  .00010 .00021 i .00001  .00001  .00002
.02893  .02847 .02786 i .02970  .02956  .02939
.00025  .00037 .00054 i .00006  .00009  .00013
.00013  .00021 .00033 | .00004  .00007  .00011
.00001  .00002 .00005 ! .00000  .00000  .00000
.00055 00071 .00088 | .00016  .00021 00026
.96072  .96965 .96956 | .96992  .96990  .96987

b/2 = 0.01 .00049  .00067 .00090 | .000I5  .00020  .00028
.00004  .00008 .00015 }0.00000  .00001  .00002
.00944  .00921 .00891 { .00984  .00977  .00968
.00011 00017 -.00024 i .00003  .00004  .00006
.00005  .00008 .00013 | .00002  .00003  .00004
.00001  .00002 .00003 f .00000 ~ .00000  .00000
.00034  .00044 .00056 i .00010  .00013  .00017
.98983  .98978 .98972 E .98995  .98993  .98992

o

b/2 = 0.003 .00024  .00033 .00043 ; .00005  .00010  .00014
.00002  .00005 .00010{ .00000  .00001  .00001
.00272  .00261 .00247 1 .00292  .00289  .00284
.00004  .00007 .00010i .00001  .00002 .00002
.00002  .00003 .00004 | .00001  .00001  .00002
.00000  .00001 .00002! .00000  .00000  .00000
.00020  .00026 .0003z§ .00006 .00008  .00010
.99690  .99687 .99684§ .99697  .99696  .99695

(B-47)



1800°k

b/2 = 0.03

b/2 = 0.01

100

.00005
.00000
.02994
.00001
.00001
.00000
.00003

- 96998

- 00003
. 00000
.00997
- 00000
.00006
. 00000
-00002

.98999

-00008

- 00000

.02992

.00001

-00001

.00000

. 00004

. 96998

.00004

.00000

-00996

.00001

.00001

.00000

.00003

. 98999

30

(B-48)

10

. 00011
. 00000
.02988
. 00002
.00002
.00000
. 00005

.96997

.00006
.00000
.00994
. 00001
~.00001
. 00000
.00003

-98998

(el S e

rs""

™=

r-

1
[——

ey




-4 | V| | JE—1 | g

| S

| W |

| W } -

I |

L e Ak et et B

K.y
b_ovy 145
2 2 2 P a
General case: wHZO = ——————~—~i<;-~————- s wCO = - K2~E;—;
1 4+ s 14 =% —2&
(a,b # 0) K, U
2 o/p¥ 1 "H
H 2
2
72.[
Ky — 2Ro%4.0
’ - —_— 1 =
szo K,,[ pka(] a 2) +ﬁ6] + \pJHz + sz
'UJ = e
H, P 5‘*’}12
Yoo TV, TV
2
/b/2 > STO I\ CHS £ _ . +
p = STO 2 | RCL1 X R/S RCL3 +
Kl + STO 4 + RCL3 a : + glg»sz
K2 -+ 8TO 5 RCL6 + R/S 1 a
K, = STO 6 2 RCL3 - + B
K, = ST07 ca RCL2 RCL7 R/S LBL B
Kg > STO 8 | RCL2 x x a RCL3
K, = STO 9 | RCL3 f\[. ‘ RCL2 R/S} RIS
2
vy X RCL6 x gx3y RCL3
2 X
A fd— X f‘[— + gRA
STO 3 / x 2 RCL5 RCL3 STO 3
RCLS 1 x X + s
X + + + RCL3 RCL5
RCL2 s RCL9 RCL2 gRA X
- £ N
2 \/_ STO 3+sz0 RCL4
f\/— gx2y RCLS x gRV s
2 x x EX2Y RCL8 1
+ gLSTx + RCLS RCL2 +
RCL3 gX2y 1 x + gRA
+ RCL5 RCL1 RCL4 f ‘/‘ gX2y
2

(B-49)



R/swCO

gRA

CHS
R/s+l!)CO
gRv

RCL6

o

.00044
. 00842
.02767
.07233
.00195
.00798
.01023
.00107

.00033

gx23y
gLSTx

gx3y

RCL2

- RCL3

b/2 = 0.0

100

1

30

.00061
. 00766 '
.03713
.06287
.00274
.01116
.01209
. 00232

.00071

+ RCL2
RIS>Uoy
gRv R/S+14'J02
RCL3 _ gxzy '
+ CHS
RCL5
X
1 2700°K
10 ; 100
00081 g .00022
00668 ? .00933
04738 E .01361
05262 E . 08639
00358 § .00083
01441 g .00413
01374 f . 00492
00456 g .00025
00142 g .00008

(B-50)

RCL1

gx3y

gLSTx
gx3y

RCL7?

30
.00031
.00899
.01905
. 08095
.00122
.00617
. 00602
.00055

.00018

R/S>y,
gRV

RCL9

10
.00043
.00853
.02567
.07433
.00170
.00861
.00711
.00113

.00037

i

|
R/Swo
RCL3

RCL8



| -

ed L]

1

[N [y U B NS B

i

p:

1800°K

100

. 00009
.00977
.00517
.09483
.00027'
.00162
.00186
.00004

.00001

.00001
.009990
.00024
.09976
.00001
.00008
.00009
. 00000

. 00000

.

.00013
.00966
.00746
.09254
. 00040
. 00247
.00230
.00008

.00003

.00001
. 009985
.00036
.09965
.00001
.00012
.00011
.00000

.00000

30

(B-51)

10

.00018
.00950
.01032
. 08968
.00057
. 00364
.00279
.00018

.00007

.00001
-009978
.00050
.09950
.00002
.00018
.00014
.00000

. 00000

| [

00%K

100

. 00002

. 00994

.00141

.09859

.00006

.00045

.00051

. 00000

.00000

30

.00004

.00991

.00205

.09795

-00009

.00070

. 00064

. 00001

. 00000

10

-00006

.00987

.00288

.09712

.00013

.00104

.00078

.00002

. 00001



L L
Gasdynamics: Me = [;*%—1 (1 + l~§~l Mi>] 2(v - 1) s %; =j;j%—I (1+—1;§—J'M£>
2(-1) 24 -1)
l:(Mt) v+l L%i - 1] ;—%—I - IT“ = ey YV
y > STO 1 RCL 1 RCL 2 + £/ M gy
€ 1 x 1 STO 4 RTN - -’;—"
LBL A + RCL 3 - R/S
" STO 2 + gy 2 GTO 1
RCL 1 sto 3 » 20 =1)
vy + 1 RCL 1 x LBL B
1 1 1 RCL 1 RCL 4
- STO 4 + 1 RCL 2
2 LBL 1 x - x
x RCL 4 2 2 RCL 3
Yy = 1.4
€ 10 20 30 40 50 60
M:  3.9225 4.7255 5.2310 5.6087  5.9138  6.1713
T#/T:  3.3977 4.5550 5.3939  6.0763 6.6621  7.1809
y =1.3

M: 3.5824 4.2070  4.5863  4.8635 5.0838 5.2674

T*/T: 2.5435  3.1782 3.6132 3.9549  4.2407 4.4886

(B-52)

r /M rr -

¥

-

=

r- 1 e . .
b | e [ — . ' : i . .

r

| g —

[ |



- e e et i o el e 3mSR e, 1 i s I b W s s M 11 e i £ SR

APPENDIX C

THEME TEAM 7
MULTIPURPOSE SPACE POWER PLATFORM

Prepared by:

Robert E. Ricles
John D. G. Rather
Derek Teare

Herb Williams

c-1

T T



-

-l

THEME TEAM 7

MULTIPURPOSE SPACE POWER PLATFORM

Report of
Presentétion.to Theme Team Members
at
NASA/OAST

on

11 May 1976

Prepared for:

NASA/OAST
NASA Contract NASW-2866
Modification No. 1

Prepared by:

W. J. Schafer Associates, Inc.
10 Lakeside Office Park
Wakefield, Massachusetts 01880

Cc-2

WJISA-76-10




i s

IT.

IIT.

IV.

CONTENTS

INTRODUCTION AND SUMMARY

.

LASER PROPULSION

LASER POWER

COST PROJECTIONS

Page No.

15

19



Introduction and Summary
NASA/OAST has recently been studying a number of exciting potential

future space opportunities which could be technolosy driven and thus could

be a major influence to the Research and Technology program. These op ortunities
; ay prog PP :

were organized into "Thenes'" and Theme 07 - Multivurpose Space Power Platform

'SPP) anticipated the use of High Power Lasers as onc of the possible power

sources.

Based on its ongoing work under NASA Contract NASW-2866, W, J. Schafer
Associates, Inc. (WJSA) was given the following additional tasks to support
Theme Team 7's efforts:

1. Derive estimates of the requirements for laser-powered propulsion

for orbit-raising;

2. Derive estinates of the requirements for laser-power transmission;

and ' .

3. DMerive rough cost estinmates.

The results were reported at a Theme Team Heeting at NASA/OAST on
11 May 1976. This annotated viewgraph report documents that presentation and
is in confprmance with the requirements of Modification lo. 1 of NASA Contract
NASH-2866,

Figure 1. NASA identified the three MSPP applications shown. The laser is

probably not an important contender for space manufacturing since its major

advantages over welding methods such as e-beam, for example, in terrestial

applications is that it does not require a vacuum. Our efforts were concen-

trated primarily on the third question — What are the Laser System Require-

ments?
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Figure 2. On this chart are enumerated the specific applications under each
of the major broad categories. Although most of these have been mentioned
by NASA or others in one source or another as potential uses, we believe a
couple are unique to this presentation. For example, if there were a scienti-
fic or other need for a satellite that spent.the majority of its time in dark-
ness, MSPP could provide the power. Similarly, for either peak loads or eclipse,
where power storage is currently required, MSPP coﬁld replace the power storage
system. More detailed tradeoffs are required to test the efficiency of these
applications and to derive the cost benefits.

Also, in the event of an attack by enemy forces, the laser system
could probably be used to defend our valuable property; whereas, other systems,

such as wmicrowave, could not.
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Figure 3. TFor this chart we have derived the powver requirements for three
different cases: 1) the payload is delivered from low earth orbit (LEO) to
geosynchronous orbit (GEO) and the vehicle is expended or remains at GEO;

2) the payload is delivered from LEO to GEO and returns back to LEO empty;
and 3) the payload is delivered from LEO to GEO, an exchange of payload is
made, and then the vehicle with the new payload is returned from GEO to LEO.

In each case it is assumed that the inifial mass in LEO is 2.7 x lO4
kg, and that the vehicle dry mass ds 3700 kg plus tankage, taken as 5% of the
fuel mass. (These values are similar to those used in Ref. 1.) The required
velocity increment is taken to be 5631 m/sec for the transfer in each direction.
This value is sufficient for transfer from an inclined low orbit to an equatorial
GEO when all velocity changes are made impulsively; if is not strictly valid
when the orbit changes are achieved by continuous application of low thrust
levels, but is a reasonable assumption for the present purpose. Finally, an
overall nozzle coefficient CN = 0.64 is assumed (as in Ref. 2), so that the
energy delivered by the laser is (GOISP)Z/ZCN j/kg of propellant consumed.

For each case it is then possible to determine payload as a function
of specific impuise, and an optimum value of ISP can be established which mini-
mizes the'required laserienergy per kilogram of payload. Typical examples are
plotted for the above cases; along each line the total laser energy remains
constant, so that power required is inversely proportional to irradiation time.

In case 1) (the one-way trip) a specific impulse of 712 scconds is
best with an expenditure of 75 megajoule per kilogram of payload. For the
second case, LEO to GEO and return empty, the optimum is at a specific of 1300

seconds and 140 megajoules per kilogram. And finally, for the last case a

Ref. 1 - M. A. Minovitch, "Performance Analysis of a Laser-Propelled Interorbital
"~ Transfer Vehicle," NASA CR-134966, Feb. 1976.
Ref. 2 - F. E. Rom & H. A. Putre, '"Laser Propulsion,” Lewis Research Center
TMX-2510, June 1972,
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LASER POWER (Mi)

av = 5631 M/SEC EACH WAY

= DL gl = Vaeel

— IniTIAL mass = 2,7 x 107 e c =0.64
" .

\S\DRY MASS=3.7X103+0.05 M

S N 1., =750 s | DELIVER PAYLOAD,
N \\\\‘\.\\\ //////—_ SP - ! RETURN EMPTY
102 "N\ N I, = 1000 s 140 Mu/Kq

1500 s | a|l, ~ 1300 s

Il

UEL

SP

RETURN WITH

N Lse T
NANENR NN lsp = 2000 s |\ gquac PAYLOAD
AN 300 my/ke
AN \“\\ 3 I, =~ 1425 s

= 1500 s} DELIVER PAYLOAD,

T

101 |— SRS \‘\
— 1o = 750 s N\, \\ |
——{ DELIVER PAYLOAD -
__JVEHICLE EXPENDED | \\\ N
75 mJ/Ke SN NN
T ~ 712 s \ N
l_ l, \.\ \
N PAYLOADS: (MG) \\ S o 3 3
Y 8.9 7ox
— 2.
= (5
2 — 12.4
- {8.2
. 11.0-
I R | o
| ‘ | [ !I!l f [ l i
0'1 2 4 6 8 ‘
0.1 1

IRRADIATION TIME (DAYS)

LASER-ON TIMEq : LASER-ON OR TRANSIT TIME

e

FIGURE 3 — POWER REQUIREMENT FOR PAYLOAD DEIIVERY FROM
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specific of 1425 is required and 300 megajoules per kilogram. For irradiation
times greater than somewhere around one day, we can assume that the vehicle is
constantly thrusting and constantly being irradiated. For times less than
about a day, due to eclipsc, need for coasting, etc.,we can only assume that
the time is a laser-on time. The important message from this viewgraph is
that if we consider that a transit time on the order of 1 day is desirable,
then powers on the order of 10-50 megawatts are required, which certainly are

not unreasonable. .
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Figure 4. 1In assessing the value of laser propulsfon, one has to know that
the competition is capable of and the solar tug has to be considered competi-
tive. 1If one assumes a 10 megawatt collector, then the diameter of the
collector is 97 meters; although this at first blush appears rather lérge,

it should be noted that it can be a fairly low quality collector. This size
collector would then do the same job as the laser Propulsion in the previous

chart and the specific impulse would be around 1000 seconds.
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10 MW COLLECTOR, D = 97M
HYDROGEN AT 3000°K, aH = 48,6 MJ/KG
FLOW RATE = 10 MJ/S = 43.6 MJ/KG = 0.206 KG/S

SPECIFIC IMPULSE ~ 1000 SEC

FIGURE 4 — SOLAR TUG
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Figure 5. In this figure we show the transmitter diameter versus the receiver
diamcter assuming that all the energy within the 1 - l/e2 points is collected.
Three different wavelengths are shown. Also plotted on the abscissa is the
maximum allowable beam spread due to jitter (oJ) to collect the energy. We
have assumed that (oD) is equal to the beam‘spread due to diffraction (gD) and
the beam quality is twice diffraction limited. For most purposes, to get the
total beam spread, it is acceptable to root sum square the jitter and diffraction
errors as we have done in some later plots. It is jnteresting to determine a
weight optimization for the combined receiver and transmitter mirrors. If one
assumes a scaling law where the weight is proportional to the diameter to some
powver (in this case we use the 2.5 power) then, for a single receiver and a
single transmitter, we have minimum weight when these two diameters are equal.
On the other hand for a cése where we have 300 receivers and one transmitter,
the optimization is as shoyn,(i.e., DT%IO DR) providiné the proportionality
constant is the same for both types of mirror. The receiver mirror does not
have to be as well figured as the transmitter mirror so that we can probably
éssumc that a receiver would weigh less than a.transmitter of the same diameter.
Thus, the DT/DR = 10 line would be more appropriate to minimum total weight

for a system with more than 300 receivers.
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Figure 6. Here we show the assumptions used in deriving the curves on the
Previous figure. The maximum range could be twice the range from LEO to GEO

for the case where the satellite is on the other side of the earth.

C-17

1 p—y g

|

IR |

i | - R |



[ | | S— d [ d [

N R VR R VO D S

L

L

ASSUMPTIORS : o . ~o

J D

INTERCEPT GAUSSIAN INTENSITY AT
TARGET PLANE TO 1/£2 POINTS
Dy Dg > 8 mx R/m n = BEAM QUALITY

LEO—=GE0: R =142 x 105 + 6 x 106 m

n =7
A =10 um 3
GIVES Dy Dg > 2100 w2

DT%DE%QGM

2311 SUBTENDS ~ 0.5 uRAD AT 42 x 10% M RANGE
POINTING ACCURACY —s— 0.1 »RAD

LASER LOCATEL AT GEO : Ry —~ 84 x 100 1

FIGURE 6 — TRANSMISSION OF LASER POMER TO LASER PROPULSION FNGINE

Cc-18



Cc-19

LASER POUER

TR OO Ty T Y 1l Mo oY 1 e p—— e e e



Figure 7. In Figure 7, we have derived a "carpet plot" for laser power in
which we show all of the pertinent parameters required to size a system for
providing power from a single MSPP to any number of other collectors. We
will give two examples on the use of this chart. 1In the first one, let us
assume that we require electrical power on board our receiving station of
1 megawatt. Let us further assume that we have a 10% conversion efficiency
from received power to electrical power. On this basis, we would then enter
the upper left-hand abscissa at the-10 megawatt point. If we move to the
lower left hand abscissa, we would see that this corresponds to a transmitted
power somewhere in the order of 11 1/2 megawatts. Moving down and saying that
our transmitter aperture should radiate all of its heat to space passively
thus not requiring any active cooling system on board, we would find that it
would require a transmitter aperture of the order of 20 meters. I1f we then assume
that we have a beam quality factor of 2, we would move uﬁ on the lower right-hand
coordigate to 10. Now let us assume that we have a laser operating at 5
microns. We then come across to that line and then up to the right—-hand
abscissa to determine that the maximum allowable.beam spread (root sum square
of the diffraction plus jitter spread) is in the order of 0.3. Let us further
assume that we want to'tfansmit from geosynchronous orbit for a distance of
approximately 40,000 kilometers, we would then move up to the GEO line-and
across to the upper right-hand coordinate to determine that the receiver
aperture has to be approximatély 50 meters.

It is interesting to again assess what the competition could do. TIf
one had a solar collector of this size, one would receive power of slightly
over 1 megawatt, roughly a factor of 10 smaller than is desired.

Another one of the many possible ways of using this chart is the following:

Let us assume that we know that the minimum beam spread that we can achieve
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is a tenth of a micro-radian; we would then enter the chart at that point

and let us further assume that we wanted to transmit over 10,000 kilometers

and that we had a visible (.5 micron) laser. We would then find that we
need a receiver aperture of about 4 meters and a transmitter aperture
divided by beam quality of about 3 meters, if we multiply by a factor of

2 for the beam quality, we then find that we have a transmitter aperture
of about 6 meters, and this in turn would give us in the order of 800
kilowatts of transmitted power to receive about 706 kilowatts of received
power. The solar collector in this case would give us something/slightly
more than 10 kilowatts of received power,

Also, the microwave could easily fit invthis plot if the lower right-

hand coordinate were increased by 4 orders of magnitude.
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Figure 8. Cost projections at this point in time for space-borne laser
systems are at best necbulous. As a first approach to deriving some

estimates we have plotted the cost versus the power for a number of existing
and projected systems. The flagged symbols indicate closed-cycle systems
whereas the others are open-cycle systems. These consist of various types

of lasers including GDL's, chemical lasers and EDL's. None of these have
been designed for or are being used in space applications. Most of the lasers
shown are essentially one of a kind,.and have the development costs included.
Based on this plot one could infer that the cost of a laser system should be

in the order of $104/KW plus or minus an order of magnitude.
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Figure 9. Based on the information contained in Figdre 8, we can make
further projections. If, to be conservative, we assume that the present
cost would be up around $105/KW, we can then project a decrease with the
time based on the fact that development éosts will have been written off
against earlier systems and proof testing, etc., will have been completed
so that, at some point in time--like ten years hence--the price should drop
by an order of magnitude and should continue to drop as time goes on, based

on improvements, etc.

An open cycle chemical laser ought to be about an order of magnifude
more expensive based on the cost of the fuel and the fact that the fuel
has to be transported up to the space station in order to recycle as it is

required.

We have also shown the cost of solar collectors on this plot. This is
based on projections given in the JPL reference manual 1975 and the solar
cell cost has been increased by a factor of 5 in order to account for power

conditioning, etc.
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Figure 10. We can now translate time into a projection of the power that
might be available at those given times and thus provide cost projections
in terms of $/KW versus power in kilowatts. Again, to emphasize the point,

there is a large error band on any of these cost projections.
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Figure 11. Finally, we can estimate rough order of magnitude funding
requirements for the launch of a test-bed demonstration of roughly a
10 kilowatt laser system. The costs shown do not include the launch
vehicle. Total cost over a five year span would be approximately $38

million dollars.
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APPENDIX D

TRIPS AND_CONFERENCES

W. J. Schafer Associates personnel participated in the following

meetings and conferences during the conduct of the study.

DATE

11 November 1975

2,3 December 1975

30 December 1975

12 January 1976

16 January

28 January

2 February

24 February

12 March

8 April

NASA/Ames Research Center
Mountainview, CA

National Science Foundation
Auditorium,, Washington, D.C.

PMS-405, Washington, D.C.

NASA/Lewis Research Center,
Cleveland, OH

NASA/Langley Rescarch Center,

NASA/OAST
Washington, D.C.

Jet Propulsion Lab.
Pasadena, CA

NASA/OAST
Washington, D.C.

. NASA/0AST
Washington, D.C.

NASA/OAST
Washington, D.C.

NASA/LeRC

PURPOSE OF VISIT
AYD PERSONNEL_CONTACTED

Technical Discussions -
Dr. K. Billman

Attend NASA Briefing -
R. E. Smylie, W. Hayes

Discuss Technical
problems in which NASA
might participate -
Dr. D. Finkelman

Technical Discussions -
D. Connolley, J. Slaby

Technical Discussions -
Dr. Robert Hess

Discuss Progress -
Dr. J. Lundholm

Technical Discussions -
Dr. G. Russell

Discuss Progress -
Dr. J. Lundholm

Program and Technical
Discussions

Program and Technical
Discussions and Review
Prior to HPL Lewis

Meeting - Dr. J. Lundholm

Participate in NASA HPL

20 & 21 April
. Cleveland, OH meeting -~ Dr. J. Lundholm,
- Personnel from NASA/Ames,
LeRC, LaRC, and JPL
28 April WISA/Huntsville, AL Scope Work and Review MSPP
Task - H. Williams
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TRIPS AND CONFERENCES

PURPOSE OF VISIT

DATE FACILITY AND PERSONNEL CONTACTED
3 May 1976 WISA/Wakefield, MA Program Review - Dr. Gerry
4 - 11 May WISA/Wakefield, MA Preparation of Data for
Theme Team Meeting for
Following Week - Dr. Rather,
Mr. H. Williams
11 May NASA/OAST Participate in Theme Team
Washington, D.C. Meeting and Present Results
. of WISA Effort - F.C. Schwenk
and Other Thene Team Members
14 May NASA/OAST Review Results of Theme Team
Washington, D.C. Presentations and Technical
Discussions - F.C. Schwenk
and Dr. J. Lundholm
19 May NASA/ARC "Review Cleveland Meeting
Mountainview, CA with Ames Personnel - Dr. K.
Billman, R. McKenzie et al
25 May NASA/OAST Technical discussions -
Washington, D.C. F.C. Schwenk, Dr. J.
- Lundholm, W. Hayes
26 May NASA/LeRC Technical Discussions and
Cleveland, OH Review of April Meeting -
J. Slaby, D. Connolley,et al
11 June JPL/Pasadena, CA Review Cleveland Meeting

with JPL Personnel -~
G. Russell et al
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